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Abstract
Magnetic Properties of LSMO/STO Thin Films: Magnetocaloric, Spin Dynamics and Magnetic
Viscosity Investigations

Navid Mottaghi
While other films are discussed, this dissertation will focus on detailed studies of the dc and ac bulk
magnetometry in a characteristic 7.6 nm thin film of La0.7Sr0.3MnO3 grown on SrTiO3 (001). The dc bulk
magnetometry measurements show that the sample is magnetically inhomogeneous. Temperature variation
of magnetization (M vs. T) was measured in zero-field-cooled and field-cooled protocols to determine the
blocking temperature TB in different applied magnetic fields. The field variation of TB is interpreted as the
presence of embedded spin clusters of 1.4 nm. Moreover, the M vs. T measurements show the presence of
negative magnetization in low applied fields of H = 50 Oe and 100 Oe.
The field variation of magnetization was also measured by performing hysteresis loop (HL)
measurements. These measurements were performed from 5 K to 400 K and the HL parameters are
calculated to detect the magnetic state of the sample in this temperature region. These measurements show
that this sample has superparamagnetic spin clusters with TB = 240 K and a ferromagnetic state with an
ordering temperature TC = 290 K. Within the temperature region of TB ≤ T ≤ TC, the HL is inverted whereas
negative remanence magnetization (NRM) appears in the mixed SPM and FM phases leading to the antialignment spin of both magnetic phases with respect to each other.
The presence of SPM and FM phases produces energy barriers that create different magnetic states.
Therefore, to under the predominant magnetization processes in this magnetically inhomogeneous sample,
the magnetic viscosity measurements were performed. Magnetic viscosity S measurements were performed
by cooling the sample H = 50 Oe to the measured temperature and magnetization was measured as a
function of time in H = 0. Magnetization has logarithmic decay which from the fit to the magnetization: M
(t) =M (0) – S ln(t), with time t up to 2 h, shows a peak at 230 K above which M (2 h) switches to negative
values for temperatures up to the TC of the sample. Here it is argued that this negative magnetization results
from a magnetic interaction between the SPM and FM phases.
In an effort to explore applications of this magnetic phenomenon, magnetocaloric studies are reported
here to study the thermodynamic properties of the magnetic phases. This study proves the sample is
magnetically inhomogeneous since the magnetic entropy change (-𝑆𝑀 ) vs. temperature data has two broad
peaks one close to the TB and the other centered near T ~ TC. Detailed analysis of -𝑆𝑀 (T, H) vs. T data is
used to determine the volume fraction of the magnetic phases which is in good agreement with the dead
layer calculations by studying saturation magnetization of the sample. The relative cooling power of this
film is less than that of nanoparticles and the reason why is discussed.
To understand the strength of interaction between the magnetic phases and spin dynamics of the sample,
the ac magnetic susceptibilities 𝜒 ′ and 𝜒 ′′ were performed. AC magnetic susceptibilities 𝜒 ′ and 𝜒 ′′ were
carried out to study the nature of magnetic phase transitions at TB and the TC of the sample in detail. The
temperature dependence of 𝜒 ′ and 𝜒 ′′ measured at ac frequencies in the range of 0.1-10 kHz shows a broad
peak at TB associated with the SPM phase present in the 1.4 nm surface layer and the frequencydependent peak near 270 associated with TC. The Cole-Cole analysis of temperature
dependence of 𝜒 ′ and 𝜒 ′′ is used to calculate the mean relaxation time which is shown to fit the
iii
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Vogel-Fulcher law:  = 0 exp [𝐸/𝑘B (𝑇 − 𝑇0 )] with 𝑇0 = 245 K close to the TB and 𝐸/𝑘B = 270 K = TC,
and 0 = 1.2×10−9 s. The reported results in this dissertation shed light on the origin of magnetic dead
layers and their magnetic properties that can provide an opportunity for new types of magnetic devices.
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Background and motivation
1.1 Introduction
Thin films and nanoparticles (NPs) have significant surface effects as the thickness of thin films or the
diameter of NPs decrease, and the surface to bulk ratio increases. Therefore, the surface contribution in
magnetic and electrical properties of these nanostructures is dominant [1,2]. Similar surface effects can
happen in thin films. Researchers claim that by decreasing the thickness of the films, some layers or regions
do not have any magnetic contributions. These layers/regions are called magnetic dead layers (MDLs) and
their contribution in reducing the magnetic and electrical properties of complex oxide films such as
La0.7Sr0.3MnO3 (LSMO) is significant [2,3]. The MDLs’ complications are the main interest of study in this
dissertation. For this purpose, LSMO films are chosen.
My main material of choice for this study was thin films of LSMO, which is a material in the manganite
group categorized as mixed-valence. This group shows different magnetic phases based on many factors
such as the element ratios and fabrication process. We grow our films using a very high-quality pulsed laser
deposition technique that allows layer-by-layer growth. Despite the quality of our films, I will demonstrate
that the results demonstrate magnetic inhomogeneity. In this chapter, I start my discussion on the basics of
magnetism and the common magnetic phases which are present in nature. After, I give a short discussion
on the crystal structure of manganites. Then I explain why LSMO is an interesting material in the field of
magnetism. Finally, I go through the magnetic studies on LSMO thin films and nanoparticles.

1.2 A Brief Discussion on the Basics of Magnetism and Magnetic Phases
In electromagnetism, the magnetic moment µ is explained by a current I which passes through a loop
with the surface of dA. By summing up magnetic moments of the loops the magnetic moment of finite-size
is
𝜇 = 𝐼 ∫ d𝐴.

(1-1)

To calculate the magnitude of magnetization (M) of a material we need to know the total magnetic
moment of the sample per unit of volume. The M can be calculated as
𝑁
𝑀= 𝜇 ,
𝑉

(1-2)

where N and V are the total magnetic moments and the volume of the sample, respectively. If the magnetic
material is exposed to the external magnetic field (H) the relationship between M and H is [4]

1

𝑀 = 𝜒𝐻,

(1-3)

which 𝜒 is the magnetic susceptibility of the material. This simple explanation is in the classical picture
and a more complicated one will be discussed in the quantum mechanical picture of magnetization in section
3.2.1. By knowing the 𝜒 of the material we can define the classification of magnetic materials into three
main categories: diamagnetic material, paramagnetic (PM) material, and materials with collective
magnetism.
1.2.1 Diamagnetic Material
The 𝜒 of a diamagnetic material is constant and negative. If a diamagnetic material is exposed to H, the
directions of the magnetic dipole are antiparallel with respect to the direction of H due to Lenz’s law. Many
materials, such as organic materials and superconductors, are classified as diamagnetic materials.
1.2.2 Paramagnetic Materials
The 𝜒 of paramagnetic (PM) materials is positive (𝜒 > 0) and by applying H to these materials the
magnetic dipoles are oriented in the direction of H. Thermal fluctuations can destroy the orientation of 𝜒.
1.2.3 Collective Magnetism
The 𝜒 of these magnetic materials is a function of temperature (T) and H, and it is more complicated
than the 𝜒 of diamagnetic and PM materials. The magnetism in these materials is governed by the exchange
interactions between the magnetic dipoles which can be explained by quantum mechanical rules. The
orientation of magnetic dipoles is intrinsic, and in the absence of H, the dipoles are oriented below the
critical temperature (Tcritical) of the material. Magnetic materials in this category can be divided into four
groups: ferromagnetic (FM) materials, superparamagnetic (SPM) ferrimagnetic (FIM) materials, and
antiferromagnetic (AFM) materials.
1.2.3.1 Ferromagnetism
In FM materials, the magnetization develops below the Tcritical of the sample. The Tcritical is called the
Curie temperature (TC). Figure 1.1 presents the temperature dependence of magnetization (M-T) below and
above the TC of the sample. At zero Kelvin temperature (T = 0 K) and in no applied magnetic field (H = 0),
the direction of all magnetic dipoles of the sample is parallel and the system is ordered. The magnitude of
magnetization at T = 0 K is called saturation magnetization (Ms). As the temperature of the sample increases
thermal fluctuations overcomes the magnetic interactions between magnetic dipoles and magnetic dipoles
start to fluctuate. In TC < T, all magnetic moments are randomly oriented, and the magnetic state goes into
a disordered state. In this case, the symmetry is broken, and the magnetization in the sample is zero.
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Figure 1.1. M-T plot of FM material.
1.2.3.2 Superparamagnetism
This class of magnetic state emerges in small ferromagnetic nanoparticles consists of a single magnetic
domain. At a certain temperature which is called blocking temperature (TB), the thermal energy can switch
the magnetic moment of the particles from parallel to antiparallel directions with respect to the applied
magnetic field and vice versa such that the particle behaves like a PM material and subsequently above TB
the net magnetization is zero. Therefore, these materials do not have hysteresis in comparison with FM
materials. I explain the other magnetic characteristics of SPM in chapter 3 such as the energy barrier and
magnetic relaxation of this system.
1.2.4 Antiferromagnetism
In this type of magnetic state, the AFM material has two identical magnetic sublattices with the same
critical temperature known as the Néel temperature (TN). Figure 1.2 shows the M-T plot of an AFM material.
In T = 0 K well below TN, both sublattices are magnetized with the same amount but in opposite directions,
therefore the magnetization of the sample is zero. In nature, some AFM materials exhibit non zero M at T
≈ 0 K which is explained as spin canting. The spin canting occurs when antiparallel magnetic moments of
the two sublattices are not perfectly aligned and antiparallel respect with to the easy axis and they are tilted
from the easy axis which results in M ≠ 0. At TN < T, M-T is very similar to PM material and the symmetry
is broken. As a result, the magnetic state of the sample is disordered.

3

Figure 1.2. M-T plot of a AFM material.
1.2.5 Ferrimagnetism
This type of magnetic state is similar to the FM and AFM states. A FIM material shows a spontaneous
magnetization below TC like FM materials. In comparison with FM material, a FIM material has two
magnetic sublattices that each have unequal and antiparallel magnetization thus there is a net magnetization
(Mnet), unlike AFM. Figure 1.3 shows one case of M-T of a FIM material. In some FIM materials, at a
certain temperature, the M of both sublattices are equal and the net M of the sample is zero. This temperature
is called compensation temperature (Tcomp).

Figure 1.3. M-T plot of a FIM material
So far, I explained the fundamental magnetic structures in nature. The mentioned magnetic phases above
are the common phases, but the complexity of nature introduces other magnetic phases such as spin glasses
and the Griffiths phase. The Griffiths phase is the existence of short-rang ordering of FM clusters in a PM
medium at TC ≤ T ≤ TG which TG is defined as the characteristic temperature of the FM clusters start to
4

nucleate [5]. The spin-glass appears below the freezing temperature (Tf) which random spins freeze below
this temperature in the magnetic medium. This magnetic phase is disordered since the spins are aligned and
coupled randomly [6].
As a matter of fact, a magnetic material may contain two or more magnetic phases which depend on the
materials. For example, a film can be made of two materials with two different magnetic phases such as
FM and AFM phases. In the other scenario, the material such as nanoparticles of a single material can show
two different magnetic phases due to their different sizes. The co-existence of mix magnetic phases makes
the magnetic sample magnetically inhomogeneous and the magnetic properties of these materials are
extremely interesting due to the magnetic phase competition. LSMO films with the optimum ratio of La/Sr
~ 0.3 are known as FM materials but, in my work, I found these films are not purely FM material and they
have another magnetic phase that acts a lot like SPM which reduces the MS of samples and causes interesting
magnetic phenomena which is tunable negative magnetization (TNM). In the next chapters, I will explain
the methods of magnetic characterizations to detect the magnetic phases in an LSMO film and the source
of TNM.
In the next section, I go through the crystal structure LSMO and the magnetism in this material.

1.3 Crystal Structure of LSMO
The story of mixed-valence manganites goes back to the 1950s when G. H. Jonker and J. H. Van Santen
fabricated these materials in the form of polycrystals to understand the magnetic properties of manganites
[7]. They found that these materials have a perovskite structure with FM properties. Figure 1.4 presents the
cubic perovskite structure. Manganese oxide has the general formula of Re1-xTxMnO3, in which Re is a
trivalent rare earth element, and T is a divalent alkaline earth element [8]. The A sites and B sites are
presented by big blue and small green spheres, respectively, and oxygen sits at the center of the faces of the
cube. The Re and T elements are located at the A sites with 12-fold oxygen coordination. Mn cations are at
the B sites of the cube which is in the octahedral oxygen coordination. In this perovskite structure, the
divalent Re element substitutes the T element which some of Mn3+ convert into Mn4+ to maintain the charge
neutrality. The stochiometric fractions of Mn3+ and Mn4+ are 1-x and x, respectively.
It is reported that the lattice parameter of LSMO films changes due to lattice mismatch between the
films and the STO substrate which changes the cubic structure of the LSMO into a pseudocubic structure.
The pseudocubic structure has the lattice parameters as a = b = 3.905 Å and c = 3.846 Å with α = β = 90°
and γ = 90.87° [9,10].
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b
a
Figure 1.4 Cubic Perovskite Structure.
The Mn atom has the electronic configuration as 1s22s22p63s23p63d54s2 which the 3d orbital is halffilled. Due to the crystal field from the oxygen atoms, the 5-fold orbital degeneracy of the 3d orbitals breaks
into three t2g and two eg degenerate states. The t2g states lie in between cartesian coordinate system point
between the ligands, on the other hand, the eg states point directly at the ligands thus the t2g experience less
coulomb repulsion than eg states, and subsequently, t2g states have the lower energies with respect to the eg
states. The electrons fill the orbital states of Mn3+ and Mn4+ by Hund’s first rule which the maximum value
of spin (S) must be satisfied. Therefore, the S of Mn3+ and Mn4+ is 2 and 3/2, respectively. The t2g level of
Mn4+ is filled with three electrons whereas the eg has no electrons. This electron configuration of Mn cations
embedded in octahedral oxygen coordination governs the magnetic and electrical properties of manganites
[8].
1.3.1 Magnetic Behavior in Manganites
The magnetic behavior of the manganites can be described by the double-exchange model proposed by
Zener [11]. The proposed mechanism is based on the indirect coupling between the d-orbitals of manganese
cations. In this mechanism the two Mn cations, Mn3+ and Mn4+ are separated by an oxygen atom, unlike the
super-exchange mechanism where the two nearest magnetic ionic neighbors are Mn cations with the same
valence [12,13]. There are two possible degenerate states of Mn cations in the double-exchange. The states
are [14]
𝛹1 : Mn3+ O2− Mn4+ , and 𝛹2 : Mn4+ O2− Mn3+ .

(1-4)
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In 𝛹1 , an electron hops from the 2p orbital of O2- to the empty eg orbital of Mn4+ and simultaneously
another electron hops from Mn3+ to the 2p orbital of O2- which lowers the energy of this orbital, and 𝛹1
changes into the new state, 𝛹2 . The magnetic system resonates between these two degenerate states. Figure
1.5 shows a simple picture of the electron hopping from O2- to Mn4+ and from the Mn3+ to O2-. According
to Hund’s rule, the hopped electron must have the same spin as the other electrons and all the magnetic
moments on both Mn cations are parallel. This creates the lowest energy states, and it is leading to a FM
ground state.

Figure 1.5 Double-exchange between the Mn cations [8,14].
The double-exchange mechanism in Re1-xAxMnO3 compounds is well understood. By changing the
composition of these compounds, we can achieve different magnetic phases and electronic properties.
Santen and Jonker proved that the TC of these materials depends on the doping level x and the average ionic
radius of the cation in the A position [7,15]. They showed the highest TC and Ms value is achievable in
La1-xSrxMnO3 with the optimum ratio of x ~ 0.3. La0.7Sr0.3MnO3 (LSMO) films are good candidates for
spintronics [16], multiferroic tunnel junctions [17], colossal magnetoresistance [18], resistive switching
memory devices [19], ferroelectric/ferromagnetic systems [20], and heterostructures [21]. Although LSMO
films have many applications, there is a barrier to achieve the most magnetic efficiency in LSMO thin films,
which is the presence of MDLs. As discussed earlier in this chapter the magnetic thin films and
nanoparticles suffer from surface effects. The surface effects create MDLs which change the magnetic and
electrical properties of these nanostructures. The research on MDLs is vast, and I discuss the recent and
past discussions on this matter especially in the LSMO system.

1.4 Studies on LSMO Nanoparticles and Thin Films to Understand the Dead Layers
Studies on manganite oxide films and NPs show that the magnetic properties of these materials are
affected by MDLs [22,23]. In 2009, Curaile et al. studied the magnetization of La0.67Sr0.33MnO3 NPs and
La0.67Ca0.33MnO3 (LCMO) nanotubes (NTs) by the dc bulk magnetometry measurements [22]. The M-T
measurements of NPs and NTs in zero-field-cooled (ZFC) and field-cooled (FC) cycles showed that the MS
7

was reduced 50% compared with the MS of the bulk. Figure 1.6-(c) shows the ZFC and FC M-T plots. They
used high-resolution transmission electron microscopy (HTEM) measurements to study the structure of
NPs and NTs. They found that the MDLs are at the surface of these structures. The thickness of the surface
layer is about 2 nm and this layer does not have long-range crystalline order. Figure 1.6-(a) and (b) shows
the HRTEM of a LCMO NT and a LSMO NP, respectively, with the surface layers around the NT and NP.
The structural distortions in the surface layer destroy the double-exchange interactions between Mn cations
which result in depletion of FM in this layer [22].

Figure 1.6 HRTEM of (a) LCMO NT and (b) LSMO NP. The surface layer with
the thickness of 2 nm is indicated by a dotted line. (c) M-T measurements of
LCMO NTs and LSMO NPs in ZFC and FC cycles measured at H = 12 kOe. Reproduced from, [22] with
the permission of AIP Publishing.
The MDLs are not only in NPs and they have been observed in thin films. Huijben et al. performed
magnetic and transport measurements on LSMO thin films with various thicknesses between 3 u.c to 70
u.c. (1 u.c. = 0.4 nm), fabricated by pulsed laser deposition (PLD), at different oxygen pressures [3]. They
observed the reduction of MS in thin films which were grown in lower oxygen pressures (Figure 1.7-a).
They measured the temperature variation of magnetization of all samples by cooling them in 1 Tesla applied
field and subsequently measured the magnetization in 100 Oe applied field in warming upcycle. The
reduction of MS in lower oxygen pressures was due to oxygen vacancies (OVs). As discussed in section
1.3, the double-exchange mechanism is caused by the hopping of an electron from Mn3+ to Mn4+ mediated
by oxygen anions. OVs break the double-exchange interaction between Mn cations and it diminishes the
FM ordering.
They also studied the thickness effects on the MS value of the films by growing the samples in the
optimum oxygen pressure at 200 mTorr oxygen pressure. Figure 1.7-b shows the M-T plots of the films.
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The MS reduces by decreasing the thickness of the film and it vanishes in 3 u.c. film thickness. By decreasing
the thickness of the film, the number of nearest magnetic ions reduces, and subsequently, the number of
double-exchange interactions goes down in the sample. The reported thickness of the MDL in LSMO films
grown at 200 mTorr is 3 u.c. (~1.2 nm) [3].

Figure 1.7 M-T plots of LSMO films (a) grown at different oxygen pressures,
(b) with different thicknesses. Reproduced from [3] with the permission of APS Publishing.
To understand the OVs and thickness effects on MS and TC of the LSMO films, I used the available data
from the literature on LSMO thin films prepared in 200, 150, and 0.38 mTorr O2 deposition pressures [24].
Each point was accurately determined using the internet available software ‘WebPlotDigitizer’1. The
thickness variation of MS and TC is presented in Figure 1.8. The thickness variation of MS is modeled by
MS (D) = MS(b) (1 - d/D)

(1-5)

where MS (D) and MS (b) are the MS values of the active layer and the bulk, respectively. D is the thickness
of the film and d is the dead layer thickness. The data fit the model well, showing that with a decrease in
O2 pressure, MS is lowered and d increases. As discussed above, the magnetic properties of manganites are
governed by the double-exchange interaction between d-orbitals of magnetic Mn3+ and Mn4+ ions with
charge transfer from Mn3+ and Mn4+ ions through oxygen anions. Low O2 pressure increases oxygen
vacancies, resulting in the breakdown of the exchange mechanism and increased spin disorder which in
turn decreases MS and TC. Also, by decreasing the thickness of the films, the number of nearest neighbors
of magnetic ions reduces, and as a result, the MS, and TC values decrease.

1

https://automeris.io/WebPlotDigitizer/
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The variation of TC with film thickness D of LSMO films is modeled by the finite-size scaling relation:
TC (D) = TC (∞) (1 – (𝜉0 /𝐷)𝜆 )

(1-6)

where TC (D) and TC (∞) are respectively the Curie temperatures for a film with thickness D and very thick
films, 𝜆 is the shift exponent and 𝜉0 is characteristic microscopic correlation length [25]. The fit of the data
to the equation-(1-6) is shown in Figure 1.8-b for the films grown in different O2 pressures with the
parameters obtained from the fit listed in the figure. The value of 𝜆 depends on the theoretical model, 𝜆 =

MS (emu/cm3)

2 is obtained from Monte-Carlo simulation [26].
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Figure 1.8. Variation of the MS and TC with thickness D of the LSMO films. Different symbols
represent data from different groups as follows: solid blue rectangle [3], solid red circle [27], open green
diamond [23]. The solid lines are fit to the equation-(1-5) in (a) and equation-(1-6) in (b) with the listed
parameters.

1.5 Motivation for this Research and Outline of Approaches
Understanding the MDLs effect in changing the magnetic properties of thin films is the motivation in
my research. As I mentioned earlier, the MDLs show significant effects when the surface-to-volume ratio
is higher, and especially in manganite films; MDLs are considered as big barriers in reducing magnetic
properties such as the MS, TC, etc. Therefore, I choose LSMO films to study the surface effects and MDLs.
In this work, I found the MDLs are not dead, and they have different magnetic properties than the bulk of
the material. The method in this dissertation can be used in many other magnetic systems to detect the
10

magnetic phases of MDLs in other thin films. In this study, the accurate measuring of the nature of
magnetism of MDL in LSMO films is performed.
To investigate the effects of the MDLs in LSMO films, more detailed dc magnetic measurements were
done to study the temperature and field variation of magnetization. The majority of dc measurements were
carried out at West Virginia University using the commercial physical property measurement system
(PPMS manufactured by Quantum Design Inc) of the magnetic measurements covering the temperature
from 5 K to 400 K and magnetic field up to 4 kOe. M-T measurements were performed in the temperature
range from 5 K to 400 K in low and high applied magnetic fields from 50 Oe to 4 kOe in zero-field-cooled
(ZFC) and field-cooled (FC) cycles.
The presence of blocking temperature (TB) defined as the bifurcation temperature between ZFC and FC
cycles of M vs. T, is indicative of blocked spin clusters which cause the magnetic phase competition
between spin clusters and FM phase in a LSMO sample leading into TNM. The observation of TNM and
the presence of magnetic phases in a 7.6 nm LSMO/STO sample proved that this sample is magnetically
inhomogeneous. The field variation of magnetization (hysteresis loops) was done in the temperature range
of 5 K to 400 K in ZFC and FC cycles as well. The hysteresis loops show the hysteresis loop inversion
between the two magnetic phase transition temperatures at TB and TC, which is the confirmation of my
observation on M-T measurements.
In this work, the dc measurements are not only limited to M-T, and hysteresis loop measurements, the
isothermal measurements of M versus H are used to determine the magnetocaloric properties of an
inhomogeneous sample, 7.6 nm LSMO/STO thin film. The two broad peaks in the magnetic entropy vs. T
data of this sample confirmed the presence of both magnetic phases. Moreover, the volume fractions of
SPM/FM are found to be 17%/18% which is within 2% agrees with our calculation on MS from hysteresis
loop measurements. The relative cooling power of the film is also calculated, and it is shown that the nanosize effects reduce the relative cooling power (RCP) in the sample.
Beyond dc magnetic measurements, I used ac magnetic susceptibility to detect the magnetic phases in
LSMO samples. The ac magnetic susceptibility measurements, 𝜒 ′ and 𝜒 ′′ , are in the frequency range of 1
Hz to 10 kHz were performed by using the PPMS from Quantum Design Inc, not only at University of
Connecticut and, but also at National High Magnetic Field Laboratory (NHFML) at Florida State University
in Tallahassee, FL. The DC applied magnetic field range was from 10 Oe to 1000 Oe applied field.
The ac magnetic susceptibility is a versatile technique in which we can detect different magnetic phases
such as spin-glasses [28], superparamagnetism [29], and superconductivity [30] in magnetic materials. In
this technique, we can also study the time dynamics of a magnetic system. In higher frequencies, the M lags
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behind the applied magnetic field, and the relaxation process occurs. The studies of ac susceptibility on
LSMO films in this dissertation are new, and it has not been done in any other magnetic films yet. The
results are revealing, showing a strong interaction between the spin clusters and FM magnetic phases in a
7.6 nm LSMO/STO film. The mean relaxation time is calculated from the Cole-Cole analysis from the
temperature-dependent 𝜒 ′ and 𝜒 ′′ .

1.6 Dissertation Outline
In chapter 2, I discuss the fabrication process of LSMO thin films grown on STO substrates by pulsed
laser deposition, and I explain the structural characterization techniques such as X-ray diffraction and Xray reflectivity. In chapter 3, I outline theoretical and experimental approaches to describe the
inhomogeneous magnetic system, LSMO films. At the beginning of chapter 3, I cover the theory of
magnetism related to a FM system and including the Heisenberg exchange interaction, Spin Wave theory,
and, the magnetic viscosity to describe the SPM phase. After the theoretical section, I go over experimental
measurements which are mainly the dc bulk magnetometry measurements. In this chapter, I also explain an
interesting phenomenon which is the tunable negative magnetization (TNM) occurring due to the presence
of MDLs causing magnetic phase competitions in LSMO films.
In chapter 4, I explain the magnetocaloric measurements on a 7.6 nm LSMO/STO sample to detect the
magnetic phase transitions in this sample which this chapter has theoretical and experimental work. In
chapter 5, I present the detailed measurements of ac bulk magnetometry measurements on a 7.6 nm
LSMO/STO sample. The spin dynamics of an inhomogeneous LSMO/STO film are studied by Cole-Cole
analysis for the first time to calculate the mean relaxation time. I give a summary of the unique results on
LSMO/STO films from this work along with suggestions for future studies in chapter 6.
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Thin Films Fabrication Process, Structural and Magnetic
Characterization of LSMO Films
2.1 Introduction
The pulsed laser deposition is a famous fabrication technique among other material synthesis processes
in metal oxide films, specially LSMO films. To grow a high-quality film by this technique requires
significant preparation and verification. In this chapter, I discuss the fabrication process and structural
characterization of LSMO films. As the films are deposited on SrTiO3 substrates, I explain the substrate
treatment here. All films are fabricated by Pulsed Laser Deposition (PLD) technique thus I give a brief
discussion on this fabrication technique. The structural characterization and thickness measurements of
LSMO films are determined by X-ray diffraction and X-ray reflectivity and I explain both methods of
characterizations here.
2.1.1 Pulsed Laser Deposition Technique
The invention of pulsed laser deposition (PLD) goes back to the 1960s. PLD is a physical vapor
deposition process that is carried out in a vacuum system down to ultrahigh vacuum (UHV) conditions.
Figure 2.1 presents a basic schematic of a PLD system. In this system, the laser pulses produce the plasma
of a material to be deposited on a substrate. The laser beam is directed by optical lenses to the surface of
the target. The target and substrate are placed on the rotational target and substrate holders, respectively in
a vacuum chamber. The gas and pump valves are connected to the chamber to insert and control the level
of a gas background. The reflection high-energy electron diffraction (RHEED) is attached to this chamber
to monitor the growth.
To fabricate a film from the target, the laser beam must be focused on a small volume of a target. Due
to the high energy density absorption of the target, thermal evaporation occurs. The created vapor absorbs
the laser energy which continues until a dense plasma is formed. The dense plasma is called a plume. The
plume consists of high-energy atomic, diatomic, and other low-mass species of a target. All the species in
the plume have collisions near the surface of the target leading to a well-oriented plume perpendicular to
the surface of the target. The deposited material on the substrate has the same composition as the target
material. The plume material is highly energetic which can react with the gas environment. The gas can be
oxygen, nitrogen, and hydrogen to form oxides, nitrides, and hydrides, respectively.
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Figure 2.1 Top view of a basic PLD system.

2.2 Fabrication of LSMO Films
All LSMO films have been fabricated via PLD with a stoichiometric La0.7Sr0.3MnO3 target. The choice
of the substrate was SrTiO3 (STO-100) which should be TiO2-terminated. To achieve TiO2 termination, it
needs treatment. In the following, I explain why STO is chosen and how the substrate treatment was
performed.
2.2.1 Substrate Treatment
To obtain an epitaxial and layer-by-layer growth, the substrate must have little to no lattice mismatch,
and chemical compatibility with the deposited material thus the choice of a substrate is important in the
growth process [31]. The deposited material and the substrate should ideally have similar crystal structures.
As it was discussed earlier in section 1.3, the crystal structure of LSMO is a perovskite structure and its
film has a unit cell size of 3.889 (Å) [3]. The material with the closest unit cell size and similar structure to
LSMO is STO with the lattice parameter of 3.905 (Å) [32,33]. Figure 2.2 shows the crystal structure of
STO. Crystal structure and lattice parameter similarities, cost, and low lattice mismatch make STO and an
excellent candidate for the growth process [27, 31].
The control over the first layer of the deposited film is important to achieve a smooth film and layer-bylayer growth in the PLD fabrication process. The choice of STO termination can create different physical
and chemical properties of LSMO films [35]. STO has two possible terminations in the (001) direction
which are made up of alternating layers: SrO and TiO2 layers (Figure 2.2-b and c). It is shown that to obtain
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a smooth and epitaxial film, a single-terminated substrate is preferable [36]. Among the termination choices,
TiO2 is a better choice for LSMO growth since Ti has a smaller coordination number compared with Sr.
The coordination number of Ti in bulk is 6 and on the surface is 5, on the other hand, Sr has 12 and 8
coordination number in the bulk and on the surface, respectively. Because of the Ti coordination number,
the TiO2 surface is more stable since fewer atomic bonds break at the surface [36]. Also, the layer-by-layer
growth process requires step surfaces on the substrate which the TiO2 layer has the step terrace structure
with the height of 4 (Å).

Figure 2.2 (a) cubic structure of SrTiO3, (b) TiO2 plane, (c) SrO plane.
The treatment process starts by sonicating the as-received STO substrates in acetone for 5 minutes then
in isopropanol for 5 minutes to remove any organic and other contaminants on the surface. After the
sonication process, the substrates were thermally annealed at 1000 0C for an hour that SrO surface
segregation was formed by annealing the substrate at high temperature [37,38]. To obtain a single TiO2
termination layer, the annealed substrates were sonicated in DI water for 5 minutes to remove the SrO layer.
SrO is a basic oxide with the metal oxidation state < +4, which is dissociated with water to form the Srhydroxide complex [34]. There are other surface treatment methods such as buffered (NH4F-HF) BHF
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solutions [39], HCl+HNO3 [40], and microwave-induced hydrothermal process [34]. The DI water
sonication method is safe and inexpensive compared with the buffered solutions.
To examine the surface of the substrates, atomic force microscopy (AFM) was used. Figure 2.3 presents
the AFM height and line profile of a substrate. The treated substrates have the step terrace structure with
the height of 4 (Å) which is the signature of the TiO2 single layer [41]. The line profile is drawn across
three-step heights which is shown by a black solid line in Figure 2.3-a. The line profile is used to measure
the height of each step of terraces.

Figure 2.3. (a) AFM image of height, (b) line profile which is shown by a black solid line.
2.2.2 Fabrication Process and Parameters
As discussed in section 2.2.1, the TiO2-terminated STO (001) was the choice of the substrate. The film
was grown by PLD using a commercial Neocera PLD system with a 248 nm KrF excimer laser. The
substrate temperature during the PLD growth process was 750 0C and the chamber was held at 100 mTorr
O2 pressure. The laser energy density was 3.1 J/cm2 with a repetition rate of 5 Hz. Following growth, the
thin-films were cooled down to 23 0C with a 15 0C/min rate at 250 mTorr O2 pressure to improve the
oxidation quality. The recipe for film growth was optimized via analysis of the KSA reflection high-energy
electron diffraction (RHEED) system. The glancing angle of RHEED is around 10 to 20, which limits the
penetration depth of electron in the sample, therefore only the first few layers contribute to diffraction
patterns which makes it a suitable instrument as a sensitive real-time in situ technique to surface structure
down to a monolayer [37, 38]. In RHEED the diffraction mechanism is similar to bulk materials but in the
film growth process only the first few layers contribute to the diffraction pattern and there are no diffraction
conditions perpendicular to the sample surface [44].
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The reciprocal lattice of the surface of the film consists of infinite rods perpendicular to the surface of a
film which are regularly spaced arrays with spacing 2π/a and 2π/b in a and b directions, respectively. In
RHEED the incident electron beam ⃗⃗⃗
𝑘𝑖 hits the surface of the film. In Figure 2.4, the sample sits at the center
of Ewald’s sphere. The Ewald’s sphere is formed when the center of the sphere locates on the surface of
the film with a radius of ⃗⃗⃗
𝑘𝑖 . The diffraction pattern appears when the rods of reciprocal lattice intersect with
Ewald’s sphere meaning the difference between the momentum of the incident electron beam ⃗⃗⃗
𝑘𝑖 , and the
diffracted beam ⃗⃗⃗⃗⃗
𝑘ℎ𝑙 equals to the reciprocal lattice vector 𝐺 [43]. The diffraction spots lie on the
circumference of the Laue circles. The diffraction spots are shown with star symbols in Figure 2.4.

Figure 2.4 RHEED diffraction condition with the Ewald’s sphere,
Laue circle and the reciprocal rod presentation.
The RHEED pattern of the grown film is shown in Figure 2.4. Figure 2.5-a shows the RHEED pattern
STO substrate. The intense specular spot compared with the two side spots is the typical signature of TiO2
terminated STO [18, 19]. Figure 2.5-b shows sharp 2-dimensional streaks lying on concentric Laue circles
in the RHEED which confirms a smooth surface of the deposited thin film [9].
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Figure 2.5. RHEED diffraction patterns of (a) STO substrate
(b) 7.6 nm LSMO/STO after growth.

2.3 Structural Characterization
The x-ray diffraction (XRD) and x-ray reflectivity (XRR) of samples was performed by using a Bruker
D8 Discovery x-ray diffractometer on the samples to determine the crystallinity and the thickness of the
film. The x-ray source was an anode Cu Kα radiation with the wavelength, λ = 1.5405 Å.
2.3.1 X-ray Diffraction
As I discussed in section 1.3, LSMO film has a little lattice mismatch with STO which results in
changing the crystal structure of the film and causing the tensile strain [10]. The tensile strain causes the
peak shift of LSMO film. In order to clarify the effect of the tensile strain, I provided the XRD data of 7.6
nm LSMO/STO film along with a thicker sample of 32 nm LSMO/STO. The XRD data of the samples are
shown in Figure 2.6. The LSMO peak is indexed using the pseudocubic structure with a single (001)
orientation. and the LSMO peak appears on the right-hand side of the STO (001) peak in the 32 nm film
(Figure 2.6-b). As the thickness of the sample decreases to 7.6 nm, the LSMO (002) peak shifts toward
STO (001) peak, and the LSMO peak appears as a broad shoulder beside the STO peak.
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Figure 2.6. XRD scan of LSMO films (a) 7.6 nm LSMO/STO and (b) 32 nm LSMO/STO film.
2.3.2 X-ray Reflectivity
In XRR measurements, the x-ray beam is focused at a grazing angle on a flat surface of the sample. If
the incident angle is below the critical angle for total reflection (θC) then the incident x-ray beam total
reflection occurs. The interference between the reflected beams from the surface of the film and the
interface between the film and the substrate creates oscillations [45]. These oscillations are called Kiessing
fringes. If the interface has higher roughness, it can reduce the interference of the two beams. The rougher
interface scatters the reflected beam from the interface, and it decrease the amplitude of oscillations
therefore, interfaces with lower roughness have better interference. In XRR the amplitude and the period
of oscillations depend on the physical properties of the film. The amplitude of oscillations can be affected
by the density of the material, for example, materials with lower densities have a smaller amplitude of
oscillations [45]. The period of the oscillations depends on the thickness of the film in which thicker films
have a shorter period of oscillations [46].
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The XRR measurement was performed using a Bruker D8 Discovery x-ray diffractometer on the sample.
The x-ray source was an anode Cu Kα and the beam was monochromatized using a Ge (111)
monochromator. XRR was required to measure the thin film thickness which is a useful technique to
measure microstructure parameters such as the thickness, density, and roughness of layers in thin films
[47]. The experimental and simulated XRR curves for 7.6 nm LSMO/STO thin film are shown in Figure
2.7. as common for other high-quality LSMO films, the two layers were required to fit the XRR data well.
A two-layer model has been previously used in LSMO thin films [48]. The two slab model and multi-layer
models have also been used in other systems when the density of the material changes [43, 44]. The
simulated XRR result shows the presence of 7.6 nm LSMO/STO film with the two-layer model fit. Each
layer has a roughness of 0.52 nm.
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Figure 2.7. XRR profile for the 7.6 nm LSMO/STO thin film sample.
The blue dashed line and the continuous red line are the fits to one-layer
and the two-layer models respectively.

2.4 Summary
In this chapter, I discussed the substrate treatment and the PLD fabrication process of a typical LSMO
film and also the structural characterizations such as XRR and XRD. In the next chapter, I discuss the
theoretical background and dc magnetic measurements.
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Investigation of the Magnetic Dead Layer Properties by
DC- Magnetometry Measurements
3.1 Introduction
In this chapter, I discuss the theoretical approaches which are used to analyze the ac and dc magnetic
susceptibility data presented in this dissertation. I study the magnetic properties of a well-known complex
oxide system, La1-xSrxMnO3 with the optimum ratio of x ~ 0.3 which is famous for the loss of magnetization
and having the magnetic dead regions. I explore the loss of saturation magnetization by employing
molecular mean-field and spin-wave theories to understand the temperature variation of magnetization. The
goal of this dissertation is to understand the hidden magnetic properties of MDLs. Some similarities are
found in the magnetic properties of LSMO films compared with nanoparticles where LSMO thin films
show magnetic inhomogeneities (MI). Therefore, I use famous theories on single-domain nanoparticle
systems to describe the reduction of temperature variations of magnetization.
The theories discussed here are gathered from textbooks by Kittel (Introduction to solid-state physics.
Wiley, 2005), A. H. Morrish (The Physical Principles of Magnetism. Wiley-IEEE PRESS), N. A. Spaldin
(Magnetic materials: fundamentals and applications. Cambridge university press, 2010) and S. Blundell
(“Magnetism in condensed matter.” American Association of Physics Teachers, 2003). The experimental
results of this chapter have been published by the author recently in scientific journals (N. Mottaghi, et al,
J. Appl. Phys. 128, 073903 (2020); N. Mottaghi, et al, J. Phys. Condens. Matter 30, 405804 (2018); and N.
Mottaghi, et al, AIP Adv. 8, 56319 (2018)) and presented at MMM 2017 – 62nd Annual Conference on
Magnetism and Magnetic Materials, American Vacuum Society (AVS 65th International Symposium &
Exhibition), and 64h Annual Conference on Magnetism and Magnetic Materials.

3.2 Theoretical background
In this theoretical section, first, I discuss the molecular mean-field theory then I explain the spin-wave
theory. Both theories are used to analyze the temperature variation of saturation magnetization in LSMO
films. I explain the SPM magnetic characteristics and in section 3.2.4, and I go through the total energy of
mixed magnetic states in which two magnetic phases co-exist in a single magnetic sample.
3.2.1 Molecular Field Theory and Spin Waves
In section 1.2, magnetization is explained as the sum of an infinite number of currents passing through
the closed loops which is the simple and classical picture presentation of magnetization, but in this section,
I want to discuss the concept of magnetization in the quantum mechanical picture.
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The magnetic moment of a magnetic material depends on the atomic angular momentum quantum
number (𝐽) [4,51]
𝑀= −

𝑔𝜇𝐵
𝐽,
ℏ

(3-1)

which 𝜇𝐵 is the Bohr magneton, and J is the sum of spin and orbital angular momentum, which has the
range of values of
𝐽 = (𝐿 − 𝑆), (𝐿 − 𝑆 + 1), … , (𝐿 + 𝑆 + 1), (𝐿 + 𝑆),

(3-2)

where S and L are the total spins and total orbital angular momentum, respectively; and g is the Landé gfactor which is
𝑔 =1+

𝐽(𝐽 + 1) + 𝑆(𝑆 + 1) − 𝐿(𝐿 + 1)
.
2𝐽(𝐽 + 1)

(3-3)

The Hamiltonian of the magnetic material in the external magnetic field is 𝐻 = −𝑀. 𝐵𝑒𝑥𝑡 , where 𝐵𝑒𝑥𝑡
is the external magnetic field. The energy of the system is the expectation value of the Hamiltonian thus
[51]
𝐸𝑗𝑠 = < 𝑗𝑠|−𝑀. 𝐵𝑒𝑥𝑡 |𝑗𝑠 > =

𝑔𝜇𝐵
< 𝑗𝑠|𝐽. 𝐵𝑒𝑥𝑡 |𝑗𝑠 >.
ℏ

(3-4)

According to statistical mechanics, the energy of the system is determined by the Boltzmann factor
exp (−𝐸𝑗𝑠 /𝑘𝐵 𝑇) then we have
−

𝑔𝜇𝐵 𝑀𝐵𝑒𝑥𝑡

𝐽
𝑘𝐵 𝑇
1 ∑−𝐽 𝑀𝑔𝜇𝐵 𝑒
𝑀=−
𝑔𝜇 𝑀𝐵𝑒𝑥𝑡
𝑉
− 𝐵
𝑘𝐵 𝑇
∑𝐽−𝐽 𝑒

(3-5)
,

which 𝑀 = 𝑁𝑔𝜇𝐵 𝐽𝐵𝐽 (𝑦), and 𝐵𝐽 (𝑦) is called as Brillouin function [51]
𝐵𝐽 (𝑦) =

2𝐽 + 1
2𝐽 + 1
1
1
coth (
𝑦) − coth ( 𝑦) ,
2𝐽
2𝐽
2𝐽
2𝐽

𝑦 = 𝑔𝜇𝐵 𝐽𝐵𝑒𝑥𝑡 /(𝑘𝐵 𝑇).

(3-6)

In the limit of high temperature or high external magnetic field (𝑦 ≪ 1) the Brillouin function is
approximately [4]
𝐵𝐽 (𝑦) =

𝑦 (2𝐽 + 1)2 − 1
{
},
(2𝐽)2
3

(3-7)
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and magnetization becomes 𝑀 = [𝑁𝑔2 𝜇𝐵 2 𝐽(𝐽 + 1)/ 3𝑘𝐵 𝑇] 𝐵𝑒𝑥𝑡 which the magnetic susceptibility is

𝑥0 =

𝜕𝑀
𝜕𝐻

𝐶

(3-8)

= ,
𝑇

where
𝐶=

𝑁𝑔2 𝜇𝐵 2 𝐽(𝐽 + 1)
,
3𝑘𝐵

(3-9)

which is called the Curie constant. Equation-(3-8) is the Curie law which presents the temperature variation
of 𝑥0 but we did not include the effect of magnetic ions on each other.
The FM material has the MSP without exposure to an external magnetic field. In 1907 Pierre Weiss
proposed a model to explain magnetism in magnetic materials [52]. He proposed an internal field that
mainly comes from the magnetic ions of the material. This field is Hm = Nw M which NW is the molecular
field constant. The total field (𝐻𝑇 ) on a magnetic ion is [4]
𝐻𝑇 = 𝐵𝑒𝑥𝑡 + 𝑁𝑊 𝑀.

(3-10)

By calculating the expectation value of Hamiltonian by replacing the 𝐵𝑒𝑥𝑡 by 𝐻𝑇 in the equation-(3-4)
the 𝑦 component becomes (𝑔𝜇𝐵 𝐽(𝐵𝑒𝑥𝑡 + 𝑁𝑊 𝑀))/(𝑘𝐵 𝑇) and in the limit of 𝑦 ≪ 1, magnetization is
𝑀(𝑇) =

𝐶
(𝐵
+ 𝑁𝑊 𝑀),
𝑇 𝑒𝑥𝑡

(3-11)

which C is the Curie constant which is defined above.
The magnetic susceptibility in the presence of the molecular field is [51]

𝑥

=

𝜕𝑀
𝜕𝐻

=

𝐶
𝑇−𝜃

(3-12)

,

where 𝜃 = 𝐶𝑁𝑊 = 𝑇C . Equation-(3-12) is the Curie-Weiss law [4,51]. The sign of 𝜃 parameter is important
which in FM and AFM materials is positive and negative, respectively and in the case of 𝜃 = 0, equation(3-12) changes into the equation-(3-8).
Another useful model to describe the temperature variation of MSP is the spin-wave theory. This theory
is based on the Heisenberg exchange interaction Hamiltonian [53]. In this theory, at T = 0 K, all the spins
of the magnetic system are well-ordered which satisfies the magnetic ground state of the system. As the
temperature is increased such that one spin is flipped then the system goes into the lowest excited state. The
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flipped spin does not remain to localize at one atom, and each magnetic atom has an equal probability of
having spin reversed. The propagation of the reversed spin through the crystal is called a spin-wave [4].
The Hamiltonian of the system considering only the exchange interaction between the nearest neighbor
spins [51,54] is
𝐻𝑒𝑥𝑐 = −2 ∑𝑁
𝑖 = 1 𝐽𝑎𝑏 𝑆𝑖 𝑆𝑖+1 ,

(3-13)

where Si is the spin on atom “i”, Si+1 is the spin on atom “i+1” which is the nearest neighbor concerning
atom “i” and 𝐽𝑎𝑏 is the exchange integral. The 𝐽𝑎𝑏 depends on the wave functions of electrons 1 and 2 at
sites i and i+1 which is given by [4]
𝐽𝑎𝑏 = ∫ 𝜓𝑎 ∗ (𝑟1 )𝜓𝑏 ∗ (𝑟2 )

𝑒2
𝜓 (𝑟 )𝜓 (𝑟 )𝑑3 𝑟1 𝑑3 𝑟2 ,
𝑟12 𝑏 1 𝑎 2

(3-14)

and depends on the overlap of the wave space functions, and the Pauli repulsion [50, 48].
One can find the exchange field on one spin “p” simply by writing the Hamiltonian for that spin by
using equation-(3-13), and 𝐽𝑎𝑏 = 𝐽𝑒 thus
𝐻𝑒𝑥𝑐 = −2 𝐽𝑒 𝑆𝑃 . (𝑆𝑃+1 + 𝑆𝑃−1 ),

(3-15)

where 𝑆𝑝 is the spin of atom “p”.
Equation(3-15) can be simplified by substituting 𝑆𝑝 = −𝜇𝑝 /𝑔𝜇𝐵 . 𝑔 is a called the 𝑔 factor which is
defined in the equation-(3-3). Equation-(3-15) changes into
𝐻𝑒𝑥𝑐 = −𝜇𝑝 . 𝐵𝑝 ,

(3-16)

where 𝐵𝑝 = (−2 𝐽𝑒 /𝑔𝜇𝐵 ). (𝑆𝑃+1 + 𝑆𝑃−1 ). 𝐵𝑝 is called the effective magnetic field or exchange field
which applies on pth spin. 𝐵𝑝 causes a torque on the pth spin, that we can calculate the rate change of the
𝑆𝑝 by [51]
𝑑𝑆𝑝 /𝑑𝑡 = −(𝑔𝜇𝐵 /ℏ)𝑆𝑝 × 𝐵𝑝 = (2 𝐽𝑒 /ℏ)(𝑆𝑝 × 𝑆𝑝−1 + 𝑆𝑝 × 𝑆𝑝+1 ).
𝑦

(3-17)

In equation-(3-17), 𝑆𝑝 is a vector with three components 𝑆𝑝𝑥 , 𝑆𝑝 and 𝑆𝑝𝑧 . We can solve equation-(3-17)
in the Cartesian coordinate system thus (3-17) breaks down into three equations,
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𝑦

𝑦

𝑦

𝑧
𝑧
𝑑𝑆𝑝𝑥 /𝑑𝑡 = (2 𝐽𝑒 /ℏ)[𝑆𝑝 (𝑆𝑝−1
+ 𝑆𝑝+1
) − 𝑆𝑝𝑧 (𝑆𝑝−1 + 𝑆𝑝+1 )],
𝑦

𝑧
𝑧
𝑥
𝑥
𝑑𝑆𝑝 /𝑑𝑡 = −(2 𝐽𝑒 /ℏ)[𝑆𝑝𝑥 (𝑆𝑝−1
+ 𝑆𝑝+1
) − 𝑆𝑝𝑧 (𝑆𝑝−1
+ 𝑆𝑝+1
)],
𝑦

𝑦

(3-18)

𝑦

𝑥
𝑥
𝑑𝑆𝑝𝑧 /𝑑𝑡 = (2 𝐽𝑒 /ℏ)[𝑆𝑝𝑥 (𝑆𝑝−1 + 𝑆𝑝+1 ) − 𝑆𝑝 (𝑆𝑝−1
+ 𝑆𝑝+1
)].
𝑦

If we assume the 𝑆𝑝𝑥 and 𝑆𝑝 are small in comparison with the amplitude of excitation, then S = 𝑆𝑝𝑧 and
equations-(3-18)
𝑦

𝑦

𝑦

𝑑𝑆𝑝𝑥 /𝑑𝑡 = (2 𝐽𝑒 𝑆/ℏ)[2𝑆𝑝 − 𝑆𝑝−1 − 𝑆𝑝+1 ],
𝑦

𝑥
𝑥
𝑑𝑆𝑝 /𝑑𝑡 = −(2 𝐽𝑒 𝑆/ℏ)[2𝑆𝑝𝑥 − 𝑆𝑝−1
− 𝑆𝑝+1
],

(3-19)

𝑑𝑆𝑝𝑧 /𝑑𝑡 = 0.
The solutions of the equation-(3-19)
𝑆𝑝𝑥 = 𝑢 𝑒𝑥𝑝[𝑖(𝑝𝑘𝑎 − 𝜔𝑡)],

(3-20)

𝑦

𝑆𝑝 = 𝑣 𝑒𝑥𝑝[𝑖(𝑝𝑘𝑎 − 𝜔𝑡)],
where u, v are constants, p is an integer, a is the lattice constant and 𝜔 is the frequency of spin waves.
By substituting equations-(3-19) into the equation-(3-20) then
−𝑖𝜔𝑢 = (2 𝐽𝑒 𝑆/ℏ)(2 − 𝑒𝑥𝑝[−𝑖𝑘𝑎] − 𝑒𝑥𝑝[𝑖𝑘𝑎])𝑣 = (4 𝐽𝑒 𝑆/ℏ) (1 − 𝑐𝑜𝑠(𝑘𝑎))𝑣,

(3-21)

−𝑖𝜔𝑣 = −(2 𝐽𝑒 𝑆/ℏ)(2 − 𝑒𝑥𝑝[−𝑖𝑘𝑎] − 𝑒𝑥𝑝[𝑖𝑘𝑎])𝑢 = −(4 𝐽𝑒 𝑆/ℏ) (1 − 𝑐𝑜𝑠(𝑘𝑎))𝑢.
To solve equations-(3-21), we need to set the determinant of coefficients u and v to zero [51]:
|

(4 𝐽𝑒 𝑆/ℏ) (1 − 𝑐𝑜𝑠(𝑘𝑎))
𝑖𝜔
| = 0
−(4 𝐽𝑒 𝑆/ℏ) (1 − 𝑐𝑜𝑠(𝑘𝑎))
𝑖𝜔

(3-22)

which gives us the dispersion relation for 𝜔,
ℏ𝜔 = (4 𝐽𝑒 𝑆) (1 − 𝑐𝑜𝑠(𝑘𝑎)).

(3-23)

Equation-(3-23) leads to an important relation between the 𝜔, and 𝐽𝑒 , spin and the lattice constant. For
long wavelength, k (=2𝜋/𝜆) << 1, equation-(3-23) becomes ℏ𝜔 ≈ 2 𝐽𝑒 𝑆𝑘 2 𝑎2 which eventually yields the
Bloch law. The energy of spin waves is the same as a harmonic oscillator of the same frequency thus the
energy of frequency 𝜔𝑘 with kth oscillation mode (𝑛𝑘 ) is given by
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𝜖𝑘 = (𝑛𝑘 + 1/2) ℏ𝜔𝑘 .

(3-24)

Spin waves are called magnons as well. The total number of magnons can be calculated by the Plank
distribution
< 𝑛𝑘 > = 1/(𝑒𝑥𝑝(ℏ𝜔𝑘 /𝑘𝐵 𝑇) − 1).

(3-25)

The total number of excited magnons at a temperature T is given by
(3-26)

∑ 𝑛𝑘 = ∫ 𝑑𝜔 𝐷 (𝜔) < 𝑛(𝜔) >.
𝑘

In equation-(3-26), 𝐷 (𝜔) is the number of magnon modes per unit frequency range which is also called
the density of modes of magnons. The integral is all over the range of k in the first Brillion zone. In threedimensional space, the number of modes of wavevectors is (1/2π)3(4πk3/3). The number of magnons
D(𝜔)d𝜔 with frequency in d𝜔 at 𝜔 is (1/2π)3(4πk2)(dk/d𝜔) d𝜔. From equation-(3-23) in approximation
k << 1 and taking the derivative respect to k thus
d𝜔/dk = 4 𝐽𝑒 Sa2k/ ℏ,

(3-27)

since k ≈ a (ℏ𝜔/2 𝐽𝑒 𝑆)1/2 and equation-(3-27) becomes
d𝜔/dk = 2 (2 𝐽𝑒 𝑆𝑎2 / ℏ)1/2 𝜔1/2 .

(3-28)

We can calculate D(𝜔) by inserting it into (1/2π)3(4πk2)(dk/d𝜔) d𝜔 equation which yields
D(𝜔)= 1/4𝜋 2 (ℏ/2 𝐽𝑒 𝑆𝑎2 )3/2 𝜔1/2 .

(3-29)

By inserting the equation-(3-29) into the equation-(3-26) and using the equation-(3-25) the total number
of magnons is

∑ 𝑛𝑘 =
𝑘

3 ∞
(1/4𝜋 2 )(ℏ/2 𝐽𝑒 𝑆𝑎2 )2 ∫ 𝑑𝜔
0

1

𝜔2
.
exp(𝛽ℏ𝜔𝑘 ) − 1

(3-30)

In equation-(3-30), the integral has the value (0.0587)(4𝜋 2 ). The fractional change of magnetization
ΔM/M(0) is equal to the ratio of the total number of magnons for the total number of spins which is
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∑𝑘 𝑛𝑘 /𝑁𝑆 = ΔM / M(0),

(3-31)

where N is the number of atoms which the magnetic atoms per unit volume Q/a3. Equation-(3-31) turns into
ΔM / M(0) = (0.0587/SQ).(𝑘𝐵 𝑇/ 2 𝐽𝑒 𝑆)3/2.

(3-32)

Equation-(3-32) is the Bloch T3/2 law equation [4,51]. The concept of the Bloch law is used in this
chapter for the interpretation of the temperature dependence of the saturation magnetization.

3.3 What is the Relation Between the Molecular Field and the Exchange Interaction?
If all the spins have the same 𝐽𝑒 in the equation-(3-13) with the z nearest neighbors then the exchange
energy is the sum over all of the nearest neighbors [4]
𝑍

(3-33)

< 𝐻𝑒𝑥𝑐 > = −2 𝐽𝑒 < 𝑆𝑖 >. ∑ 𝑆𝑖+1 .
𝑖=1

The sum of all nearest neighbors ∑𝑍𝑖= 1 𝑆𝑖+1 produces the field which is
𝐻𝑚 =

2 𝐽𝑒 ∑𝑍𝑖= 1 𝑆𝑖+1
2 𝑍 𝐽𝑒 < 𝑆𝑖+1 >
=
.
𝑔𝜇𝐵
𝑔𝜇𝐵

(3-34)

From the molecular field theory equation-(3-10) the total field in the absence of an external Bext field is
HT = NWM. Since the molecular field and exchange field are produced from the nearest neighbors, they are
equivalent, therefore [51]
𝑁𝑊 𝑀 =

2 𝑍 𝐽𝑒 < 𝑆𝑖+1 >
,
𝑔𝜇𝐵

(3-35)

assuming the spin of all magnetic neighbors are the same < 𝑆𝑖+1 > = < S > and the value of magnetization
M = N < S > which by substituting these values in equation-(3-35), we get a valuable relation between the
molecular field constant and the exchange constant,
𝑁𝑊 =

2 𝑍 𝐽𝑒
.
𝑁 𝑔2 𝜇𝐵 2

(3-36)

As we know the 𝑇𝐶 = CNW, then there is a valuable relation between the 𝑇𝐶 and 𝐽𝑒 [51]
𝑇𝐶 =

2 𝑍 𝐽𝑒 𝐽(𝐽 + 1)
.
3𝑘𝐵

(3-37)
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Equation-(3-37) is used to calculate the 𝐽𝑒 value based on the value of 𝑇𝐶 obtained from the inflexion
point of the temperature variation of magnetization in section 3.4.1. Also, the calculated value of 𝐽𝑒 of this
equation is compared with result of Bloch law (equation-(3-32)) in analyzing the temperature variation of
saturation magnetization.
3.3.1 Superparamagnetism
I briefly discussed the SPM phase in section 1.2.3.2 and here I discuss more the magnetic characteristics
of this magnetic phase. The magnetic characterization results of the 7.6 nm LSMO/STO sample reveal
similar characteristics of the SPM phase such as the blocking temperature, hysteresis loop inversions, and
magnetic viscosity relaxations. Thus, important magnetic characteristics of this phase are covered here.
3.3.1.1 Blocking Temperature, Energy Barrier, and Magnetic Viscosity
The energy of the particle is described as 𝐾𝑉𝑆𝑖𝑛2 (𝜃) where 𝜃 is the angle between the M and the
monocrystalline anisotropy, V is the volume of the particle, and K is the uniaxial anisotropy constant. There
are two local minima in this energy system, one at 𝜃 = 0 and the other at 𝜃 = π [56]. The energy difference
between the two local minima is the energy barrier of the system: 𝐸 = 𝐾𝑉 which depends on the V.
For small particles, the energy barrier height becomes small and comparable with the thermal energy,
kBT, in which kB is the Boltzman constant and T is the temperature. At this temperature which is called
blocking temperature (TB), the thermal energy can switch the magnetic moment of the particles from 𝜃 = 0
to 𝜃 = π and vice versa such that the particle behaves like a PM. The energy barrier can be changed if the
particle is exposed to a magnetic field (H) then the energy of the particle changes into
𝐸 = 𝐾𝑉𝑆𝑖𝑛2 (𝜃) − 𝐻𝜇𝐶𝑜𝑠(𝜃).

(3-38)

To find the local minimum of the system in the applied field, it can be found by taking the derivative of
E with respect to 𝜃. Thus
𝜕𝐸
= 2𝐾𝑉𝑆𝑖𝑛(𝜃)𝐶𝑜𝑠(𝜃) + 𝐻𝜇𝑆𝑖𝑛(𝜃) = 0,
𝜕𝜃

(3-39)
𝐻𝜇

which yields three extremums: 𝜃 = 0, π, 𝐶𝑜𝑠 −1 (− 2𝐾𝑉). The values of E for these extremums are: 𝜃 = 0,
𝐻𝜇 2

𝐸 = −𝜇𝐻; 𝜃 = π, 𝐸𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = +𝜇𝐻; and 𝜃 = 𝐶𝑜𝑠 −1 (−𝐻𝜇/(2𝐾𝑉)) , 𝐸𝑚𝑎𝑥 = 𝐾𝑉 [1 + (2𝐾𝑉) ].
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The energy difference between the antiparallel energy (𝜃 = π, 𝐸𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝐻𝑀) and maximum value
𝐻𝜇 2

𝐻𝜇

of energy (𝐶𝑜𝑠 −1 (− 2𝐾𝑉) , 𝐸𝑚𝑎𝑥 = 𝐾𝑉 [1 + (2𝐾𝑉) ]) is the energy barrier that a magnetic moment needs
to align in the direction of H.
Thus, the energy barrier in the presence of H is

𝐸 = 𝐸𝑚𝑎𝑥 − 𝐸𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝐻𝜇 2
𝐻𝜇 2
= 𝐾𝑉 [1 + (
) ] − 𝑀𝐻 = 𝐾𝑉 (1 −
) ,
2𝐾𝑉
2𝐾𝑉

(3-40)

where 𝐻𝑘 = 2𝐾𝑉/𝜇, the 𝐸 = 0. The 𝐻𝑘 is called an anisotropy field and 𝜇 is the saturation magnetization
where 𝜇/𝑉 is the magnetization per unit volume (M).
The time variation of a magnetic system that reaches a stable state can be written as
dM (t) / dt = − (M (t) − M (t = ∞)) / 𝜏 which the M (t = ∞)) is the stable state of the magnetization and 𝜏 is
a characteristic relaxation time corresponding to a single energy barrier for a uniaxial anisotropic system
can be given by the Arrhenius Néel law [57,58]
𝜏 −1 = 𝑓 = 𝑓0 𝑒 −∆𝐸/(𝑘𝐵 𝑇) ,

(3-41)

where ∆𝐸, as defined in the equation-(3-40), is the energy barrier. 𝑓0 is the characteristic frequency of the
system. In equation-(3-41), f relaxation depends on the H, the volume of the particle, and the anisotropy
constant [59,60].
If we use the energy barrier of the system from the equation-(3-41) and insert it in the equation-(3-40),
we can obtain a relation between the 𝑓0 and the anisotropy field,
ln(𝜏𝑓0 ) 𝑘B 𝑇 = 𝐾𝑉 (1 −

𝐻 2
𝐻𝑘

(3-42)

) .

To simplify the equation-(3-42), we need to divide both sides of the equation by KV then equation(3-42) becomes
1/2
𝑘B 𝑇
𝐻 = 𝐻𝑘 (1 − (
ln(𝜏𝑓0 )) ),
𝐾𝑉

(3-43)

which simply shows the relation between the required field to switch the magnetization direction and the
𝑓0. The required field (H) to switch the magnetization direction over the energy barrier is often noted as HC
that equation-(3-43) presents the frequency and temperature dependence of the coercive field [61]. The H
(= HC) value can be zero at a certain frequency and a relaxation time:
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𝑘B 𝑇𝐵 ln(𝜏0 𝑓0 ) = 𝐾𝑉,

(3-44)

which occurs at the blocking temperature.
For an arbitrary measurement of 𝜏0 = 100 s and 𝑓0 = 109 s-1, KV ~ 25 𝑘B 𝑇𝐵 . This energy is the critical
energy barrier (∆𝐸 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 ) where thermal fluctuations can destroy the stable state of magnetization. In
1949, Louis Néel proved that for small particles at T = 𝑇𝐵 with ∆𝐸𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , the magnetic moments are
randomly oriented and the remanent magnetization is zero and subsequently HC = 0 [62], which is the
signature of the SPM phase.
In equation-(3-41), at certain temperatures T = TB the f matches the measuring frequency which leads to
𝑇𝐵 = ∆𝐸/[(𝑘𝐵 ln(𝑓0 /𝑓𝑚 )],

(3-45)

which is valid for magnetic particles that do not interact with each other [63].
In the case of interparticle interaction the term 𝑇0 is added to the model which presents the strength of
the interaction
𝑇𝐵 = 𝑇0 + ∆𝐸/[(𝑘𝐵 ln(𝑓0 /𝑓𝑚 )],

(3-46)

and by simplifying the equation to express the relaxation time in terms of 𝑇0 leads into Vogel-Fulcher law
[64]

𝜏 = 𝜏0 𝑒 ∆𝐸/(𝑘𝐵 (𝑇−𝑇0)) .

(3-47)

To obtain a relation between HC and TB in equation-(3-43) and equation-(3-44), we can substitute
𝐾𝑉/𝑘B ln(𝜏0 𝑓0 ) with TB from equation-(3-44), thus we have the new form of the equation-(3-43)
𝐻C = 𝐻𝑘 (1 − (

𝑇 1/2
) ),
𝑇𝐵

(3-48)

which presents the relationship between TB and HC [19, 54, 57]. If we rewrite this equation to express the
functionality of TB with respect to HC then equation-(3-48) changes into
𝑇 = 𝑇B (1 −

𝐻 2
) ,
𝐻C

(3-49)

the equations-(3-48) and (3-49) are used in data analysis in this dissertation.
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In reality all magnetic components of a magnetic system have a wide distribution of energy barriers and
a simple solution to dM (t)/dt = -(M (t) − M (t = ∞)) / 𝜏 is to consider only single relaxation time. Thus, the
magnetization of the system can be written as the distribution of energy barrier as
∞

𝑀(𝑡) = ∫0 𝑑𝐸 𝑓(𝐸)𝑒 −𝑡/𝜏(𝐸) ,

(3-50)

where 𝑓(𝐸) is the distribution of energy barriers and 𝜏 defined in the equation-(3-41). Equation-(3-50) can
be written in terms of 𝜏 which is achievable simply by taking the derivative respect to E in the equation(3-41)
𝐸

(3-51)

𝑑𝜏 = ((𝜏0 𝑒 𝑘𝐵𝑇 )/𝑘𝐵 𝑇)𝑑𝐸,
which 𝜏0 = 1/𝑓0 , thus 𝑑𝐸 in terms of 𝑑𝜏 is
𝑘𝐵 𝑇 𝑑𝜏 𝑒
𝑑𝐸 =
𝜏0

−

𝐸
𝑘𝐵 𝑇

(3-52)
.

By inserting equation-(3-52) into the equation-(3-50)
∞

𝑘𝐵 𝑇 𝑓(𝐸)𝑒
𝑀(𝑡) = ∫
𝜏(𝐸)
0

𝑡
−
𝜏(𝐸)

(3-53)
𝑑𝜏,

𝐸

where 𝜏(𝐸) = 𝜏0 𝑒 𝑘𝐵𝑇 . Equation-(3-53) presents the time variation of magnetization of a magnetic system
over the distribution of energy barriers. To find the time variation of magnetization, we can take the
derivative with respect to time thus we have
∞

𝑘𝐵 𝑇 𝑓(𝐸)𝑒
𝑑𝑀(𝑡)/𝑑𝑡 = ∫ −
𝜏(𝐸)2
0

−

𝑡
𝜏(𝐸)

(3-54)
𝑑𝜏 ,

assuming 𝑓(𝐸) = 𝐸0 then the solution of the integral in the equation-(3-54) is
𝑑𝑀(𝑡)
1−𝑒
= −𝑘𝐵 𝑇𝐸0 (
𝑑𝑡
𝑡

−

𝑡
𝜏0

(3-55)
).

Equation-(3-55) presents the time derivative of magnetization. To solve this equation here we consider
the long relaxation time as 𝑡 ≫ 𝜏0 then the term 𝑒

−

𝑡
𝜏0

~ 0 and the time variation of magnetization in this

time limit is achievable by taking the integral respect with time which the final result is
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𝑡
𝑀(𝑡) = 𝑀0 − 𝑆 ln ( ),
𝜏0

(3-56)

where S (= 𝑘𝐵 𝑇𝐸0 ) is called magnetic viscosity. The logarithmic decay of magnetization is observed in
LSMO film and equation-(3-56) is used in the analysis of M (t). The viscosity measurements are done by
cooling the magnetic sample in the presence of a DC applied field (Hdc) to a measured temperature, and
after the temperature is stabilized, the time variation of magnetization is recorded in no applied field.
The magnetic system with wide energy distribution has temperature-dependent behavior of magnetic
viscosity (S vs. T) and it has a maximum at the TB (equation-(3-45)). In the case of interparticle interaction,
the TB follows the equation-(3-46) which is the function of the measured frequency, therefore, ac magnetic
susceptibility measurements at TB are required to understand the dynamic effects of the system which is
discussed in chapter 5. Next, I discuss the experimental results of dc magnetometry measurements.

3.4 Experimental Results and Discussions: DC Magnetometry Measurements and Modeling
In this section, DC magnetic measurements of a 7.6 nm LSMO/STO film and the results and analysis of
these measurements are discussed in detail. The field and temperature variation of magnetization of the
sample were measured by using a vibrating sample magnetometer (VSM) with a Quantum Design physical
property measurement system (PPMS-9T).
3.4.1 Investigation of Saturation Magnetization
The temperature dependence of saturation magnetization (MS) was measured by performing zero-fieldcooled (ZFC) hysteresis loops over a temperature range from 5 K to 400 K. The coils were first
demagnetized at room temperature then the sample was cooled to the measured temperature. The data were
corrected for the diamagnetic contribution of the substrate which was evident from the negative slope of
the M vs H plots at higher H [3]. This linear diamagnetic susceptibility was used to correct the measured
isothermal magnetization of the sample at each H by subtracting the negative slope from the hysteresis loop
data. The hysteresis loop is shown here is an example correcting for the background diamagnetic
contribution of the substrate. The figure given below shows the measured hysteresis loop at 5 K for the
ZFC case clearly showing the diamagnetic susceptibility at higher H and the corrected loop after the
diamagnetic contribution of the substrate is taken into account. The loop shown in Figure 3.1 is only up to
4 kOe since the magnetization is well saturated at 4 kOe.
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Figure 3.1. The ZFC hysteresis loop was measured at 5 K before and after background subtraction.
The temperature variation of MS values was measured from the all ZFC hysteresis loop at H = 4 kOe
and plotted in Figure 3.2. The MS vs. T data is fit to the equation-(3-32) (Bloch law) to obtain the 𝐽𝑒 . As I
discussed in section 1.3.1, in manganates, Mn ion is the only magnetic ion contributing to magnetization
thus Q = 1 and S = 3/2 which the fit yields 𝐽𝑒 / 𝑘𝐵 = 18 K. The solid red line is fit to Bloch law. To validate
the calculated value of 𝐽𝑒 from Bloch law, it is also determined from molecular field theory (equation(3-37)) using molecular field theory, yielding 𝐽𝑒 / 𝑘𝐵 = 3 𝑇C / [2𝑍𝐽(𝐽 + 1)]. With Z = 6 as the number of
exchange-coupled nearest neighbors each with spin J =3/2 and TC = 305 K for the 7.6 nm LSMO film
gives 𝐽𝑒 / 𝑘𝐵 = 20 K close to 𝐽𝑒 / 𝑘𝐵 = 18 K determined from Bloch law. The green dashed line is fit to
the molecular field theory.
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Figure 3.2. Temperature variation of MS taken from corrected hysteresis loops [24].
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The MS vs. T graph behaves like many other FM materials [66–68], however, the value of MS in 7.6 nm
-4

LSMO/STO in T = 5 K is 476 (emu/cm3) which is lower than its bulk value MS = 583 (emu/cm3) because
of the dead layer problem. The dead layer thickness in this sample can be calculated by the proposed dead
layer model in equation(1-5). For MS (D =7.6 nm) = 476 (emu/cm3) and MS (b) = 583 (emu/cm3) gives the
dead layer thickness d = 1.4 nm.
The common method to measure the temperature variation of saturation magnetization (M-T) of a FM
material is in the presence of a high magnetic field (Figure 1.7), however, a FM material has a spontaneous
magnetization (MSP) with all magnetic moments align in the same direction below T << TC without exposing
to an external magnetic field. Therefore, the purpose of using high magnetic fields is to align all the
magnetic moments of a FM material that are not perfectly aligned in the same direction. To understand the
effect of applied magnetic field on magnetization, I performed M-T in low (H = 50 Oe) and high (H = 1
kOe) applied magnetic fields which is discussed in the next section.
3.4.2 Temperature Variation of Magnetization and Blocking Temperature
My observation on the temperature variation of magnetization (M vs. T) is shown in Figure 3.3. The
measurements were done in H = 50, 100, 200, 500 Oe, and 1 kOe. For the ZFC case, the sample was cooled
to 5 K in H = 0 Oe and measuring H was then applied and M vs. T data taken up to 400 K. For the FC case,
the sample is cooled to 5 K in non-zero H and M vs. T data taken similarly up to 400 K in the cooling H.
34

0

4

Note the negative magnetization for the ZFC cases below 100 K for H = 50 Oe and 100 Oe. For H = 200
Oe and higher H, only positive values of M (ZFC) are observed.
Due to the procedure utilized, the presence of negative magnetization in LSMO films was not observed
in Figure 1.7 and this magnetic system was assumed to be a pure FM material and high magnetic fields
were used to achieve the highest MS value. Measurements in high applied magnetic fields up to H = 10 kOe
( = 1 T) do not exhibit negative magnetization and the applied field increases the MS of the samples (Figure
1.7). The field magnitude (H = 50 Oe) used in M vs T measurements of Figure 3.3 is much smaller (0.5%)
compared with the H used in Figure 1.7.
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Figure 3.3. M vs. T data for the 7.6 nm LSMO/STO sample measured with H = 50, 100, 200, 500 Oe,
and 1 kOe. Arrows mark the bifurcation temperature TB separating the M (FC) data (open red circles)
from the M (ZFC) data (closed blue circles). TC is the Curie temperature [24].
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In the ZFC cycle, the sample is cooled in no H and it is measured in warming upcycle in the presence
of H, and all magnetic moments are parallel with respect to the applied field direction and the material
shows unblocked regions; whereas, in the FC cycle, the magnetic material is cooled and measured in H,
and both blocked and unblocked regions are present. Blocking temperature TB defined here by the
bifurcation of the M (FC) from the M (ZFC) data represents the temperature above which all spins are
unblocked and TB decreases with increasing H. Below TB, M decreases by decreasing the temperature and
as expected, TB is less than TC. The TC is defined by the inflexion point in the M vs. T data. The decrement
of TB by increasing the H can be explained by T = TB (1- H / HC)2 (3-49) which by increasing the H the T
decreases.
The presence of TB is indicative of spin clusters. The size of spin clusters can be estimated by knowing
the anisotropy constant of the film. The anisotropy and coercivity are related by HC ~ K/MS, where HC and
MS are the coercive fields and saturation magnetization calculated from Figure 3.1, respectively. Using MS
= 476 emu/cm3 and HC ≈ 150 Oe, yields K = 7.2 × 104 ergs/cm3. From equation-(3-44) the volume of the
spin clusters is V ≈ 25 kB TB/K. Using TB = 230 K calculated from H = 50 Oe measurement in
Figure 3.3 gives V = 1.1 × 10-17 cm3. Assuming the shape of spin clusters is the cylindrical shape V = D02d
as the d (= 1.4 nm) is the thickness of the dead layer calculated from the equation-(1-5), gives D0 ≈ 90 nm
as the diameter of the spin cluster [24]. This size is the approximate width of the magnetic domains in our
films.
The values of TB at different applied fields are calculated from Figure 3.3 and plotted as a function of H
in Figure 3.4. The dependence of TB on H shows that TB decreases by increasing H. The field variation of
TB is seen to fit very well to equation-(3-49): TB (H) = TB (0)[1-(H/H0)]2 . The value of TB (0) = 230 K which
is very close to the value of TB measured at H = 50 Oe in Figure 3.3.
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Figure 3.4. Variation of TB with applied field H [24].
3.4.3 Temperature Dependence of Hysteresis Loops and Loop Parameters
All the ZFC hysteresis loops (HLs) were done by cooling the samples from 360 K above the TC of the
sample to the measuring temperature in zero magnetic fields after demagnetizing the coils at 360 K. All
ZFC loops have three main cycles which include three field sweep directions which they start from H = 0
Oe. Figure 3.5) shows a ZFC hysteresis loop at T = 190 K with filed sweep directions and loop parameters.
The first cycle marked as #1 starts from H = 0 Oe to Hmax = +4 kOe and the second cycle (marked as #2)
starts from Hmax = +4 kOe to Hmin = - 4kOe. In the final cycle, the field sweeps from H = -4 kOe to H =
+4kOe to complete the field cycle. Figure 3.5 shows a ZFC hysteresis loop at T = 190 K with the field
cycles and important magnetic characteristics which are defined as follows.
There are a few interesting features of note in our hysteresis loops. Mr(i) is the initial remanent
magnetization which is the magnetization value of the sample at H = 0 Oe in cycle #1. It is normally zero,
but our films start with a negative magnetization as soon as a small field is turned on. Thus, you could say
that an initial coercivity (HC (i)) is required for the field to switch the magnetization direction in cycle #1.
The Mr is the remanent magnetization which is defined as the value of magnetization at H = 0 Oe after the
sample was saturated in H = 4 kOe in cycle #2. HC is the coercivity that is calculated by this relation HC =
(H3 – H2)/2 where H2 and H3 are the coercive fields calculated from cycles 2 and 3, respectively.
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Figure 3.5. The low field zoom of the HL was measured at 190 K in the ZFC sample of 7.6 nm
LSMO/STO. Arrows are marked as 1, 2, and 3 to present the counter-clockwise cycle of the loop [69].

The cycle #1 of the HL has Mr (i) < 0 and HC (i) < 0 as measurements start from H = 0 Oe, eventually
yielding positive saturation magnetization at Hmax. In cycle #2, the Mr > 0 where field sweeps from Hmax to
negative saturation magnetization at Hmin with H2 < 0. Likewise, cycle #3 has H3 > 0. This counterclockwise cycle of the loop for cycles 2 and 3 is a normal behavior of the hysteresis loop. The values of Mr,
Mr(i), HC(i), and HC are calculated for all temperatures.
The temperature dependence of these loop parameters, plotted in Figure 3.6, illustrates more interesting
features. At T = 240 K the Mr and HC = 0 which shows similar behavior to the SPM phase. As discussed in
sections 1.2.3.2 and 3.3.1, the SPM material at TB has Mr and HC = 0 Oe thus T = 240 K is defined as TB in
these measurements. Whereas at T = 290 K, Mr (i) = 0, HC (i) = 0 and HC = 0 which is the signature of a FM
materials [4] at Curie temperature therefore T = 290 K is TC. The presence of TB and TC temperatures in this
sample creates three distinct temperature regions; (i) T < TB, TB < T < TC and (iii) T > TC.
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Figure 3.6. (Left figure) low field zoom in of the HLs for the ZFC sample of 7.6 nm LSMO/STO at
different temperatures (a) T < TB, (b) T = TB, (c) TB < T < TC, (d) T = TC, (e) T > TC. Arrows are marked as
1, 2, and 3 to present the direction of the magnetic field sweep. (Right figure) the same data are plotted up
to H = ±2000 Oe to show loop closing which occurs at about H = 1000 Oe [69].
There is a distinct change in the shape of the loops for the three regions noted above. In Figure 3.6 (left
figure), I plotted the zoom in on the low-field range of the HLs for T = 150 K (T < TB), T = 240 K (T = TB),
T = 280 K (TB < T < TC), T = 290 K (T = TC) and T = 380 K (T > TC). Also plotted in Figure 3.6 (right figure)
are the zoomed-out loops for −2000 Oe ≤ H ≤ 2000 Oe at the same temperatures showing that the loops
are closed at about H = 1000 Oe. From the data plotted in Figure 3.6, it is evident that for T = TB = 240 K
and T = TC = 290 K, both HC and Mr are effectively zero. In the region defined by TB < T < TC such as the
loop shown at 280 K, the loops are inverted. The inverted hysteresis loops (IHLs) can be seen from the
trends of segments # 2 and # 3. At this temperature, segment 2 has Mr < 0 and the loop has a clockwise
cycle, meaning that the magnetization switches to negative before the field is completely reduced to zero.
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This is in contrast with the HLs at T = 190 K shown in Figure 3.5 in which the second segment has Mr > 0
with a counter-clockwise cycle. This comparison confirms the HL inversion at T = 280 K.
Furthermore, the temperature dependence of these loop parameters is plotted in Figure 3.7. In figure
3.7-b, Mr < 0 and HC < 0 in the region of TB < T < TC which confirms inversion of the HL, on the other hand,
for T > TC such as the loop shown at 380 K in Figure 3.6, we observe a normal loop with both Mr(i) and Mr
being positive but small and nearly equal. From Figure 3.7, note that for T < TC, Mr(i) is negative and it
becomes positive for T > TC. Thus the anomalous results reported here include the following: (i) the
observation of NRM i.e. negative Mr(i) for T < TC and becoming positive for T > TC with temperature
dependence below TC qualitatively similar to that of saturation magnetization (Figure 3.7-e); (ii) the
observation of IHLs for TB < T < TC along with negative HC and negative Mr (Figure 3.7-b); (iii) observation
of positive MS and HC for T > TC (Figure 3.7-b, c), a region normally defined by MS = HC = 0 in a ferromagnet.
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Figure 3.7. Temperature variations of MS, Mr, HC, HC (i), and Mr (i) defined in figure Figure 3.5
measured in the sample of 7.6 nm LSMO/STO. The positions of the blocking temperature
TB and the Curie temperature TC are marked with vertical lines [69].
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The presence of spin clusters in this sample is detected by temperature variation of magnetization
(Figure 3.3) and the size of clusters is already calculated to be D0 ~ 90 nm. The hysteresis loops show that
the existence of three distinct temperature regions suggests that this sample is magnetically inhomogeneous
(MI) consisting of two magnetic phases: SPM and FM with the transition temperature at TB = 240 K and
TC = 290 K, respectively. Also, it is well known that IHLs and negative remanent magnetization (NRM)
are not allowed in magnetically homogeneous systems since it violates the first law of thermodynamics [70,
71]. The presence of the SPM phase is likely caused by either clustering of oxygen vacancies and/or
dislocations. This inhomogeneity along with FM ordering combined with short-range 2D ordering above
TC are the likely sources of the anomalous results noted above.
The existence of the FM and SPM phases in this sample creates a magneto-static interaction between
the phases leading into NRM and IHL which can be explained by the total energy of this MI system can be
written as [72]
𝐸 = −𝑀1 𝑉1 𝐻𝑐𝑜𝑠(𝜃1 − 𝜃𝐻 ) − 𝑀2 𝑉2 𝐻𝑐𝑜𝑠(𝜃2 − 𝜃𝐻 )
2

(3-57)

2

+𝐾1 𝑉1 𝑠𝑖𝑛 (𝜃1 ) + 𝐾2 𝑉2 𝑠𝑖𝑛 (𝜃2 ) − 𝐽𝑀1 𝑀2 cos (𝜃1 − 𝜃2 ),
where K, V, and M are the anisotropy constants, volume, and saturation magnetization of each magnetic
phase. H is the magnitude of the applied field, 𝜃1 and 𝜃2 are the angles of 𝑀1 and 𝑀2 with respect to the
easy axis of magnetization of both phases. 𝜃𝐻 is the angle between H and the easy axis of M. The last term
is the magnetic interaction between the two phases. Assuming the H is applied in the easy axis direction
then 𝜃𝐻 = 0. The minimum energy of the system for 𝜃1 and 𝜃1 yields the four cases:
(1) 𝜃1 = 𝜃2 = 0, (2) 𝜃1 = 𝜋, 𝜃2 = 0, (3) 𝜃1 = 0, 𝜃2 = 𝜋, and (4) 𝜃1 = 𝜃2 = 𝜋.
The direction of M in each magnetic phase depends on the magnitude of H and the anisotropy of the
sample. In high H both M1 and M2 are aligned in the direction of H that case-1 is achieved. When the
magnitude of H decreases the total magnetization decreases and the spins of the SPM phase start to
rearrange in the vicinity of the FM phase and due to the antiferromagnetic coupling between these phases
and the most magnetic stable state is case-3. When the magnitude of H decreases to zero meaning the H
direction reverses the SPM spins closer to the FM phase stay antiparallel but the magnetic moments of SPM
which are far from the FM start to fluctuate and will be randomly oriented due to the magnetic nature of
the SPM phase. The spins of the FM phase stay in the same direction (𝜃1 = 0) due to large anisotropy. The
amount of SPM phases is larger than the FM phase in H = 0 thus the Mr < 0 and IHL occurs in TB < T < TC.
NRM and IHLs have been reported in the (Ni–Fe)–SiO2 films [73] and in randomly distributed Co-NP
systems containing NPs of 4 nm and 25 nm sizes [72]. In both these systems, a FM phase along with a SPM
phase was shown to co-exist and the observed NRM and IHL were interpreted to be due to the negative
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magneto-static interaction (dipolar or exchange). between the FM and the SPM phases. For the (Ni–Fe)–
SiO2 films, two phases were detected for about 50% volume fractions of the magnetic NPs whereas for the
Co-NP system, the SPM phase was attributed to the smaller 4 nm NPs and the FM phase to the larger 25
nm NPs [72].
For the 7.6 nm LSMO/ STO film, our magnetic measurements have established the co-existence of the
SPM-FM phases in the temperature region of TB < T < TC, the same region where we observe IHL. For T <
TB, the spins in the SPM state are blocked/frozen and although we still observe negative initial Mr (i) in this
region, the loops are not inverted, and hence positive Mr and HC are observed. This inhomogeneity along
with FM ordering combined with short-range 2D-FM short-range ordering above TC are the likely sources
of the anomalous results noted above. Therefore, the observation of positive MS, HC, and Mr, though small,
well above TC in the 7.6 nm LSMO/STO film is quantitatively attributed to the persistence of this 2D
magnetic ordering. It has also been observed that substrates prepared in the same growth environment as
the films can exhibit weak high-temperature magnetization, which may also induce magnetic behavior at
the interface [74]. In the next section, I discuss the time viscosity measurements on this MI sample.

3.5 DC Magnetic Relaxation Measurements: Magnetic Viscosity Investigation
Magnetic viscosity is originated from thermal fluctuations of magnetic moments over energy barriers
which can show the magnetization process of a magnetic sample [61]. The viscosity measurements follow
the logarithmic relaxation behavior because of a distribution of energy barriers separating local minima in
the free energy which can reflect different equilibrium states. As is shown in section 3.4.3 the 7.6 nm
LSMO/STO film is magnetically inhomogeneous. The co-existence of SPM and FM phases can produce a
distribution of energy barriers in this sample which can be studied by viscosity measurements to study the
relaxation process specifically in the temperature region of TB < T < TC.
The protocol used for magnetic viscosity measurements was as follows: after demagnetizing the magnet
coil at 320 K using the oscillating mode to reduce the residual field < 2 Oe, the sample was cooled to the
measuring temperature (e.g., 5 K) in dc magnetic field H = 50 Oe. After temperature became stable, H was
switched to 0 Oe and time-dependent magnetization M (t) was measured for time t up to 2 h. The sample
was then warmed up to 320 K, the coils were demagnetized again followed by cooling the sample
to the next measuring temperature in H = 50 Oe and repeating the M (t) vs t measurements after
switching H to zero. From the plot of M (t) vs ln (t), the magnetic viscosity S was determined using the
Eq. (3-56): M (t) = M (0) – S ln (t) [75].
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Figure 3.8 shows the plot of M (t) vs ln (t) for t up to 2 hours for selected temperatures between 5 K and
305 K. The quantities of interest are M (0), the slope of the plot, which according to the equation-(3-56) is
the magnetic viscosity S and M (2 hours), the magnitude of the magnetization at the end of 2 hours.

Figure 3.8. Variation of the magnetization M (t) with time (the ln scale) at select temperatures after
cooling the sample in H = 50 Oe to the measuring temperature and then
switching H to zero. The solid lines are linear fits at higher times
to determine viscosity S using the equation: M (t) = M (0) – S ln (t) [76].
Plots of S vs T and M (2 h) vs T are shown in Figure 3.8 (a) and (b), respectively. The noteworthy new
result is that S peaks at 230 K above which M (2 hours) switches from positive to negative values. With
further increase in temperature, the magnitude of M (2 hours) decreases, eventually becoming near zero
above TC. Although a peak in S vs T has been reported in magnetic nanoparticles related to the spin-glass
ordering of the surface Fe3+ spins [77] the accompanying switching of the sign of M (2 hours) has not been
reported in any other system before.
The unique result of Figure 3.9, viz., the peak in S accompanied by sign switching of M (2 hours), can
be understood in terms of the similar temperature dependence of the hysteresis loop parameters. From M
vs T and ZFC hysteresis loops (= Figure 3.8 and Figure 3.9) the magnetic phase competition between SPM
and FM results in IHLs, Mr (i) < 0, Mr < 0, and HC < 0. According to the equation-(3-57), the most stable
state of this MI sample in no field requires the SPM phase to be antiparallel with respect to the FM phase
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(𝜃1 = 0, 𝜃2 = 𝜋). The viscosity measurements were recorded in no field accordingly the system goes into
this stable magnetic state results in negative magnetic relaxation.

Figure 3.9. Temperature variations of the magnetic viscosity S and (b) M (2 hours) determined from
the analysis of the data in Figure 3.8, M (2 hours) being the measured M at the end of 2 hours of time
scan. The lines connecting the data points are visual guides [76].

3.6 Summary
In this chapter, I covered the important theoretical backgrounds such as spin waves, molecular field
theory, characteristics of a SPM phase, Cole-Cole theory, Vogel-Fulcher law, and total energy of an MI
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magnetic system along with experimental results of a MI sample including M-T, hysteresis loops, and
magnetic viscosity measurements. The theoretical backgrounds will be used in subsequent chapters
especially in chapter 5 where the ac magnetic susceptibility results will be covered. From experimental
results, I showed the important emergence of negative magnetization and negative magnetic relaxation
which is caused by magnetic phase competition between the SPM and FM phases. In the subsequent
chapter, I will discuss the thermodynamic properties of this sample in terms of magnetocaloric
measurements which confirm the presence of the two magnetic phases: SPM and FM.
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Magnetocaloric Studies
4.1 Introduction
The discovery of a magnetic phenomenon that allows easy switching of a nearly saturated magnetic with
a small magnetic field has many potential exciting applications. One potential example is magnetic
refrigeration. In this chapter, the magnetocaloric results of a 7.6 nm LSMO/STO sample are discussed in
detail. I will discuss the effects of magnetic inhomogeneity (MI) in a change of magnetic entropy and the
relative cooling power of this magnetic system. The volume ratio of each magnetic phase is calculated in
this chapter which is in good agreement with those calculated in chapter 3.
The results of this chapter have been published by the author recently (N. Mottaghi, et al, J. Alloys
Compd. 154200 2020) and presented at American Vacuum Society (AVS 66th) and received the 2019 Leo
Falicov Student Award for the best presentation of graduate research in this conference.

4.2 Magnetic Field and Temperature Dependence of The Change of Magnetic Entropy
Since we have at least two competing magnetic phases, it would be useful to learn more about how they
interact over our temperature range. To determine the nature of the magnetic phase transition and the
magnetocaloric (MC) properties of the sample, isothermal measurements of M versus H data presented in
figure 4-1)-(a) from 210 K to 320 K in steps of 10 K were used. ZFC M vs. H measurements at different
temperatures was obtained in the range of 0 ≤ H ≤ 4 kOe using a Quantum Design physical property
measurement system (PPMS-9T). The demagnetization process was performed by heating the sample above
the magnetic ordering temperature. For each measurement, the magnet coil was first demagnetized in the
oscillating mode so that the residual H is reduced to < 2 Oe. In the ZFC cycle, after demagnetizing the
sample, it was cooled down to 5 K in H = 0 Oe.
To determine the TC and the nature of the magnetic phase transition, Arrot plots and Banerjee criterion
were employed, respectively. Arrot plots are the curves of M 2 vs H/M which are shown in figure 4-1)4.1b. The Curie temperature can be determined by fitting a linear line to M 2 vs H/M graphs; if the intercept of
a fitted line has zero value, then that value of T is TC [4, 12]. The TC of this sample is ~ 290 K shown by the
solid red line in figure 4-1)Error! Reference source not found.-b. In this LSMO thin film, the slope of
the graphs is positive thus the nature of the FM-PM phase transition is a second-order magnetic phase
transition (SOMT) [78]. Additionally, it confirms the continuous FM-PM phase transition at TC [79]. The
obtained value of TC with Arrot plots is in good agreement with the ZFC hysteresis loops (HLs)
measurements to identify the TC in Figure 3.6-d.
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Figure 4.1. (a) Isothermal M versus H curves at selected temperatures from 210 K to 320 K in 10 K
steps. (b) Arrott plot of the data at different temperatures yielding TC ~ 290 K [80].
Based on the famous Maxwell relations, the isothermal magnetic entropy change, SM (T, H), as a
function of H, is given by
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𝐻
𝜕𝑀(𝑇, 𝐻 ′ )
∆𝑆𝑀 (𝑇, 𝐻) = 𝑆𝑀 (𝑇, 𝐻) − 𝑆𝑀 (𝑇, 0) = ∫ (
)𝐻′ 𝑑𝐻 ′ ,
𝜕𝑇
0

4-1)

since M is measured at discrete H and temperature intervals, and ∆𝑆𝑀 (𝑇, 𝐻) can be approximately
calculated by the following equation
∆𝑆𝑀 (𝑇, 𝐻) = ∑
𝑖

𝑀𝑖+1 (𝑇𝑖+1 , 𝐻) − 𝑀𝑖 (𝑇𝑖 , 𝐻)
∆𝐻,
𝑇𝑖+1 − 𝑇𝑖

4-2)

where the magnetic entropy change at temperature T is the difference of two isothermal magnetization
curves at T and T + ∆T divided by the ∆T (the temperature difference between two isothermal
magnetizations) in figure Figure 4.1Error! Reference source not found.-a.
Normally in a homogeneous magnetic system, there is only one peak in the temperature variation of the
magnetic entropy change graphs (-SM vs. T), which is around the transition temperature of the magnetic
phases. For example, in magnetically homogeneous LSMO NPs [81] and LSMO films [82] the peak occurs
around TC where the FM-PM magnetic phase transition takes place. On the other hand, there might not be
a single and sharp peak at the temperature variation of SM. This is true when a magnetic material is
magnetically inhomogeneous or the surface-to-volume ratio of a sample is significantly large [83]. The MI
causes a broadening and shifting of a peak in -SM vs. T graph [84]. Magnetocaloric measurements are
useful methods to study the thermodynamic properties of the MI samples and compounds and identify the
transition temperatures [85].
The temperature change of the magnetic entropy is shown in figure Figure 4.2. Two very broad peaks
with considerable overlaps are present. The first peak is centered near 220 K which is very close to the
temperature where the maximum viscosity occurs at TB = 330 K (Figure 3.9-a). The TB was defined as the
blocking temperature of the sample that the SPM-FM phase transition occurs. In sections 3.4.2 and 3.4.3,
TB was measured from hysteresis loops (HLs) and temperature variation of magnetization (M-T). The
second peak near 270 K is in the vicinity of the TC of the sample. The TC was measured by hysteresis loop
measurements in section 3.4.3 (Figure 3.6-d). The observation of these two peaks in -SM vs. T graph are
the new observation in the LSMO system which confirms the results of magnetic inhomogeneity in M-T,
HLs, and magnetic viscosity measurements. The values of SM in figure Figure 4.2 are comparable with
those reported in other magnetic systems [85, 86].
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Figure 4.2. Magnetic entropy of the sample (open circles) versus temperature at different applied
magnetic fields. The solid lines (red and green) are fit the two Gaussian functions and the blue dashed line
is the sum of Gaussian functions [80].

4.3 Magnetic Phase Volume Fraction Calculation From ∆𝑺𝑴 (𝑻, 𝑯) vs. T Graphs at Different H
To gain further information from the two peaks observed in Figure 4.2, we fitted the two peaks to two
Gaussian functions for all H values shown in this figure. The SM (T, H) curves at different applied magnetic
fields fitted two Gaussian functions. The SM (T, H = 4 (kOe)) for this sample can be obtained from the
SPM and FM phases by
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|∆SM (T, H = 4 (kOe))| = |𝛼 ∆SM, SPM-FM (T, H = 4 (kOe)) + 𝛽 ∆SM, FM-PM (T, H = 4 (kOe))|

4-3)

where relation where 𝛼 and 𝛽 (0 ≤ 𝛼, 𝛽 ≤ 1; 𝛼 + 𝛽 = 1) present the relative volume fractions of the SPM
and FM phases. Magnitudes of 𝛼 and 𝛽 are calculated from the area ratios of the two fitted Gaussian
functions to the SM (T, H = 4 (kOe)) vs T curve. Here ∆SM, SPM-FM (T, H = 4 (kOe)) and ∆SM, FM-PM (T, H =
4 (kOe)) are change of magnetic entropy of SPM-FM and FM-PM magnetic phases transitions, respectively
at H = 4 (kOe). From the Gaussian function fit to the -∆SM (T, H = 4 (kOe)) vs. T, we obtain 𝛼 = 16.5% for
the SPM phase and 𝛽 = 83.5% for FM phase.
In section 3.4.1, the thickness of the magnetic dead layer containing the SPM spin clusters in this sample
is calculated from the ZFC HL at T = 5 K (Figure 3.1) M-T plots at H = 50 Oe (Figure 3.3) which is around
1.4 nm and the remaining 6.2 nm as the thickness of the FM phase. Assuming these two phases are
uniformly distributed through the surface of the sample meaning both have the same surface area then the
volume of each magnetic phase is Vi = Adi where A and di, are the surface area of the sample and the
thickness of each phase, respectively. The relative volume ratios with respect to the total volume of the
sample are equal to the thickness ratios. The thickness of the sample is D (= 7.6 nm) and the volume ratios
of SPM and FM phases are the thickness ratios dSPM/D and dFM/D, respectively. Therefore, the relative
volume fractions of SPM and FM phases are 18% and 82% of the total volume of the sample, respectively
which are in good agreement with the volume fractions calculated from the -SM vs. T graphs.

4.4 Magnetic Field Dependence of the Change of Magnetic Entropy
Magnetic field variation of -SM is studied to quantify the magnetic state of the sample. To understand
this behavior, the data in Figure 4.3-(a)Error! Reference source not found. is fit to an exponent power
law: -∆SM = aHn where ‘a’ is a constant and the exponent ‘n’ depends on the magnetic state of the sample
[88, 89]. Determination of the ‘n’ exponent allows us to find suitable theoretical models to explain the MCE
in the system. It is predicted that the value of ‘n’ = 2 in the Curie law above TC and using the molecular
field (MF) theory this value is predicted to be 2/3 [90]. The Curie law approach employs Curie-Weiss
behavior well above TC to obtain the theoretical relationship between -∆SM and H; on the other hand, the
MF theory uses reversion of power series to obtain solutions of magnetization near TC [90].
It has been reported that the value of ‘n’ in polycrystalline and nanocrystalline manganites at the Curie
temperature is < 1 and in the ranges of T < TC and T > TC ‘n’ reaches 1 and 2 respectively [89]. Our fit of
the data to this -∆SM = aHn equation for several T ≤ TC in figure Figure 4.3-b shows n ~1 for T < TC with the
magnitude of n increasing for T > TC. This deviation of n from n = 2/3 is likely due to the presence of SPM
spin clusters in the dead layer for T < TC. At TB, the value of n is around 0.83 which is the signature of SPM
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phase in MC studies [89]. The larger magnitudes of n for T > TC are due to the Curie-Weiss variation of the
magnetization in this region.

Figure 4.3. (a) Magnetic field dependence of the change in magnetic entropy at different temperatures.
(b) Temperature dependence of ‘a’ and the exponent ‘n’ versus temperature [80].
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4.5 Specific Heat Calculation
It is known that ∆SM (T, H) can also be obtained from the magnetic field dependence of the specific heat
through the subsequent integration
𝑇 𝐶 (𝑇, 𝐻) − 𝐶 (𝑇, 0)
𝑝
𝑝

∆𝑆𝑀 (𝑇, 𝐻) = ∫

0

𝑇

(4-4)

𝑑𝑇,

where 𝐶𝑝 (𝑇, 𝐻) and 𝐶𝑝 (𝑇, 0) are the measured heat capacity values in an applied field H and zero applied
field, respectively. From equation-(4-4) one can calculate the change of induced specific heat by an applied
H as [13].

𝐶𝑝 (𝑇, 𝐻) = 𝐶𝑝 (𝑇, 𝐻) − 𝐶𝑝 (𝑇, 0) = 𝑇

𝜕(∆𝑆𝑀 (𝑇, 𝐻))
.
𝜕𝑇

4-5)

Using equation-(4-5), the temperature variation of 𝐶𝑝 of the sample is calculated at different applied
H. Figure 4.4 shows broad anomalies centered around TB and TC. With the increase in temperature, 𝐶𝑝
changes from negative to positive values showing a peak near TB ~ 220 K, then decrease again with a
minimum near 250 K, then increases again with a broad peak centered near TC. These variations are likely
related to the negative remanence reported previously by us in this sample in the temperature range of TB
to TC discussed in sections 3.4.2 and 3.4.3.
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Figure 4.4. Calculated temperature dependence of specific heat of the sample in different magnetic
fields from 2 kOe to 4 kOe. The line connecting the points are visual guides.
In a homogeneous FM magnetic material, one expects to see a cusp at TC where the magnetic material
changes its magnetic state from FM to PM. However, there is no cusp at TC in this sample. At this
temperature, 𝐶𝑝 has a value of 1.2 (J/kg K) measured at H = 4 kOe. In section 3.4.3, I explained the effect
of the applied H which induces considerable short-range 2D FM order above TC which results in the
presence of Mr > 0, MS > 0, HC > 0 (Figure 3.7). The presence of the short-range FM order causes the 𝐶𝑝
> 0 above TC and a broad peak around 300 K in figure Figure 4.4. The presence of the SPM phase in this
sample changes the trend of heat capacity in the temperature range T < TC.

4.6 Relative Cooling Power Calculation (RCP)
To quantify the efficiency of refrigeration, the RCP (relative cooling power) is calculated. RCP is the
amount of heat transfer between the cold and the hot reservoir in a complete refrigerator cycle [4, 29]. This
parameter is based on the change of the magnetic entropy as
𝑅𝐶𝑃 (𝑆) = − 𝑆𝑀 (𝑚𝑎𝑥) 𝑇𝐹𝑊𝐻𝑀 ,

(4-6)
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where 𝑆𝑀 (𝑚𝑎𝑥) is the maximum of the entropy change and 𝑇𝐹𝑊𝐻𝑀 is the working temperature. The

𝑇𝐹𝑊𝐻𝑀 is defined as the full width at half maximum (FWHM) of −𝑆𝑀 vs. T [4, 21].
Since there are two peaks in the −𝑆𝑀 vs. T plot of Figure 4.2, both peaks are fitted to two Gaussian
functions [30] centered around 220 K and 270 K using FWHM of these peaks as 𝑇𝐹𝑊𝐻𝑀 for each case.
The results from these fits are presented in Figure 4.5-a shows the RCP values of the 7.6 nm LSMO/STO
sample at 220 K and 270 K. Due to magnetic inhomogeneities there are two RCPs. The maximum RPs are
near ~ 220 K and ~ 270 K which are very close to SPM-FM and FM-PM magnetic phase transition [4]. By
increasing H the RCP at 220 K decreases while the RCP at 270 K increases. The effect of H is not limited
only to the change of RCP. Figure 4.5-b shows that with an increase in H, the FM volume fraction (β)
increases whereas the SPM volume fraction (α) decreases. This can be understood in terms of the alignment
of the SPM fraction along the H direction similar to the FM fraction, thereby increases the FM fraction and
reducing the SPM fraction.
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Figure 4.5. (a) The calculated relative cooling power (RCP) of the 7.6 nm LSMO/STO sample versus
applied magnetic field at 220 K and 270 K. (b) Relative volume fractions of the SPM (α) and FM (β)
magnetic phases. The lines connecting the data points are visual guides.
To compare the RCP values of this sample with those reported in the literature on different samples of
LSMO, I list these numbers in Table 4-1. According to the table, LSMO NPs and films with similar particle
size and film thicknesses are having close RCP values within the range of 40-66 (J kg-1) [4,7,31,32].
However, the RCP of the 7.6 nm LSMO/STO film is comparatively small, likely due to several reasons.
First, this film is a soft FM material since its magnetization is saturated at smaller H = 4 kOe compared to
the saturation H = 10 kOe for other LSMO NPs and films. Second, the thickness of this film is smaller than
the diameter of NPs and thickness of other LSMO films listed in Table 1. The thickness effect on MS is
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discussed in section 1.4. As shown in Figure 1.8 in by decreasing the thickness the MS decreases, and this
small thickness lowers the saturation magnetization MS and the finite size effect is evident. Third, the
presence of MI in this sample also lowers MS a and −𝑆𝑀 which in turn lowers the RCP.

Table 4-1. Summary of the reported RCPs of LSMO systems compared with the data
on the 7.6 nm LSMO/STO film.
Composition

H (kOe)

T (K)

RCP (J kg-1)

Reference

La0.67Sr0.33 MnO3 /SrTiO3 (20 nm film)

15

312

50.6

[82]

La0.67Sr0.33MnO3/La0.3Sr0.7Al0.65Ta0.35O9

15

321

34.24

[82]

La0.81Sr0.19 MnO3 (25 nm NPs)

10

284

66.5

[91]

La0.83Sr0.17 MnO3 (25 nm NPs)

10

327

49

[91]

La0.89Sr0.11 MnO3 (27 nm NPs)

10

297

41.4

[91]

La0.67Sr0.33MnO3 (30 nm NPs)

10

361

41

[92]

La0.67Sr0.33MnO3 (20 nm NPs)

10

370

40

[81]

La0.81Sr0.19 MnO3 (25 nm NPs)

4

284

24

[91]

La0.83Sr0.17 MnO3 (25 nm NPs)

4

327

20

[91]

La0.89Sr0.11 MnO3 (27 nm NPs)

4

297

15.7

[91]

La0.67Sr0.33MnO3 (30 nm NPs)

4

361

14.6

[92]

La0.67Sr0.33MnO3 (20 nm NPs)

4

370

14

[81]

La0.7Sr0.3 MnO3/ SrTiO3 (7.6 nm thin film)

4

270

6.0

This work

(20 nm film)

If we approximate the two peaks in the −𝑆𝑀 𝑣𝑠. 𝑇 by a single broad peak as shown in Figure 4.6, the
FWHM (𝑇𝐹𝑊𝐻𝑀 ) and height (− 𝑆𝑀 (𝑚𝑎𝑥)) of the curve shown in this figure are ~ 80 K, and ~ 0.16
J/kgK respectively. Consequently, the RCP of this sample would be ~ 13 J/kg which is comparable with
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reported RCPs of the other LSMO samples listed in Table 4-1. This exercise shows that MI is a detriment
to achieving higher RCP.
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Figure 4.6. Magnetic entropy of the sample versus temperature at H = 4 kOe. The blue circles are the
data and the dashed line connecting the data points is for the visual guide. The solid brown line is the
connected curve of the two peaks at 220 K and 270 K. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

4.7 Conclusion
In this chapter the analysis of the MC properties of the 7.6 nm, LSMO/STO thin film has been reported.
The notable results include the determination of TC, the nature of magnetic phase transitions at TB = 220 K
and TC = 270 K, and the determination of the volume ratio of each magnetic phase. The results of in -SM
vs. T showed the presence of two peaks which each was related to SPM-FM and FM-PM magnetic phase
transitions, presented in Figure 4.2. By fitting these peaks to two Gaussian functions, computed areas under
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the two peaks are used to estimate the volume fractions of the SPM/FM phases. The volume fractions are
17%/83% for SPM and FM phases, respectively which are close to volume calculations from the dead layer
model from saturation magnetization at H = 4 kOe (sections 3.4.1 and 4.3).
here shows the presence of magnetic inhomogeneity in the film since two broad peaks are observed in
the magnetic entropy vs. T data. The field variation of SM was analyzed by fitting the graphs to the
exponent power law SM = aHn (Figure 4.3) which the ‘n’ exponent helped to certify the results of chapter
3 on the magnetic phase transitions at TB and TC.
The RCP of the 7.6 nm LSMO/STO thin film is also evaluated and compared with those reported in the
literature on other samples of the LSMO system. The comparatively smaller magnitude of the RCP of the
7.6 nm LSMO/STO thin film is attributed to the presence of magnetic inhomogeneity present in the film
and the nano-size effects related to the small thickness of the film. The effect of applied H on the volume
fractions of the FM (β) and SPM (α) phases shows an increase (a decrease) in the FM (SPM) fractions with
the increase in H due to alignment of the magnetization with the increase in H as shown in Figure 4.5.
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Temperature and Frequency Dependence of AC Susceptibility
5.1 Introduction
In this chapter, I discuss the ac magnetic susceptibility measurements on a 7.6 nm thin film of
LSMO/STO. In previous chapters (3&4) the two magnetic phases such as SPM and FM were detected by
studying the temperature and field variation of magnetization as well as the temperature change of magnetic
entropy. The goal of this chapter is to understand the strength of the magnetic interaction between the
magnetic SPM and FM magnetic phases and spin dynamics of this sample. The theoretical discussions on
ac magnetic susceptibilities are discussed here and further details of ac magnetic susceptibility
measurements are discussed in subsequent sections of this chapter. The magnetization of the sample was
measured using an ac measurement system (ACMS) for the Physical Property Measurement System
(PPMS) purchased from Quatum Design, Inc. The experimental data were taken with the help of
collaborators in this project. The results of this chapter have been published by the author recently (N.
Mottaghi, et al, J. Appl. Phys. 128, 073903 (2020)) and presented at the 65th Annual Conference on
Magnetism and Magnetic Materials (MMM 2020, Virtual Conference).

5.2 Theoretical Background
5.2.1 Temperature and Frequency-Dependent on AC susceptibilities
AC magnetic susceptibility is a useful technique to study the time dynamic effects of a magnetic system.
In previous sections the applied magnetic field was static and the magnetic equilibrium states were
considered. In this section, we assume the applied magnetic field is a function of time as 𝐻 (𝑡) = 𝐻0 𝑒 𝑖𝜔𝑡 ,
where 𝜔 is 2𝜋𝑓𝑚 and 𝑓𝑚 (Hz) is the frequency of the oscillations.
The ac susceptibility data and analysis will be presented in chapter 5. In this section, I cover the basic
equations used in this analysis. As discussed in chapter 1, the relation between magnetization and the
magnetic field is presented by the equation-(1-3). In AC measurement the magnetic field varies with time
and this equation is replaced with
𝑀 = χ𝐻0 𝑒 𝑖𝜔𝑡 ,

(5-1)

where 𝐻0 is the ac field amplitude, χ is the ac magnetic susceptibility, 𝜔 = 2𝜋𝑓𝑚 and 𝑓𝑚 (Hz) is the
frequency of the ac magnetic field.
To find the χ, we can borrow the equation of motion of a damped harmonic oscillator, which is a good
approximation. The equation of motion is [93]
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𝑚𝑥̈ + 𝛼𝑥̇ + 𝑘𝑥 = 𝑓,

(5-2)

where m is the mass, 𝛼 is the damping constant, and k is the spring constant. The resonant frequency of the
oscillator is 𝜔0 2 = 𝑘/𝑚, with the damping term 𝛾 = 𝛼/𝑚. If we remove the inertial term (m ~ 0) in the
equation-(5-2) and solutions for 𝑥(𝜔) = χ(𝜔)𝑓(𝜔)𝑒 −𝑖𝜔𝑡
χ(𝜔) (−𝑖𝑒 −𝑖𝜔𝑡 𝜔

𝛼
1
+ 𝑒 −𝑖𝜔𝑡 ) = ,
𝑘
𝑘

(5-3)

and by simplifying this equation
1 −𝑖𝜔𝑡
𝑒
𝑘
χ(𝜔) =
,
1 − 𝑖𝜔

(5-4)

where  = 𝛼/𝑘. Equation-(5-4) in the limits of t << 0 it becomes
1
𝑘
χ(𝜔) =
.
1 − 𝑖𝜔

(5-5)

In the harmonic oscillator solution, it is common to include an adiabatic response, χ𝑠 = χ(∞),
1
𝑘
χ(𝜔) = χ𝑠 +
,
1 − 𝑖𝜔

(5-6)

and by replacing the 1/𝑘 = χ 𝑇 − χ𝑠 and considering χ(𝜔) = χ′ (𝜔) + 𝑖χ′′ (𝜔)
χ(𝜔) = χ𝑠 +
χ′ (𝜔) = χ𝑠 +
χ′′ (𝜔) =

χ 𝑇 − χ𝑠
,
1 − 𝑖𝜔
χ 𝑇 − χ𝑠
,
1 + (𝜔)2

(5-7)

χ 𝑇 − χ𝑠
𝜔,
1 + (𝜔)2

where χ 𝑇 = χ(0) is the isothermal susceptibility.
If there is not a single  and there is a distribution of relaxation times, a simple empirical law can present
the ac magnetic susceptibility as
χ(𝜔) = χ𝑠 +

χ0 − χ𝑠
,
1 + (𝑖𝜔)1−𝛼

(5-8)
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and

χ ′ ( 𝜔) = χ 𝑠 +

𝛼𝜋
)]
2

(χ0 − χ𝑠 )[1 + (𝜔)1−𝛼 sin (
1 + 2(𝜔)1−𝛼 sin (

,
𝛼𝜋
)
+ (𝜔)2−2𝛼
2
(5-9)

(χ0 − χ𝑠 )(𝜔)1−𝛼 cos (𝛼𝜋/2)
χ′′ (𝜔) =
,
𝛼𝜋
1 + 2(𝜔)1−𝛼 sin ( ) + (𝜔)2−2𝛼
2
which the larger value of 𝛼 presents the wider distribution in relaxation [94].
By combining equations-(5-9) the relation between χ′′ (𝜔) and χ′ (𝜔) is as follows:

χ′′ (χ′ ) = −

2

1
2

(χ0 −χ𝑠 )
′
′
𝜋 + {(χ − χ𝑠 )(χ0 − χ ) +
𝜋 } .
2 tan [(1 − 𝛼) ]
4tan2 [(1 − 𝛼) ]
2
2
χ0 − χ𝑠

(5-10)

By plotting χ′′ (𝜔) vs. χ′ (𝜔), we can plot Cole-Cole plots at a fixed temperature and fitting into the
equation- the important parameters such as χ0 and 𝛼 is calculated. Knowing the calculated values and insert
them back into equations-(5-9) the relaxation time at each temperature is calculated.

5.3 Investigation of Temperature and Frequency Dependence of AC Susceptibilities
Measurements of the ac susceptibilities were done by using an ac measurement system attached to the
commercial physical property measurement system (PPMS from Quantum Design Inc.). The temperature
range was chosen for 170 K to 310 K to cover both SPM to FM and FM to PM magnetic phase transitions
at TB and TC of the sample, respectively by using frequencies fm = 0.1–10 kHz. In magnetic measurements,
the applied magnetic field was parallel to the plane of the film, thus eliminating the need for corrections
due to the demagnetization field. To measure the ac magnetic susceptibilities χ′ and χ′′ , the coils of the
PPMS were first demagnetized at room temperature followed by cooling the sample to 170 K in the dc field
H = 50 Oe. After the temperature became stable, the H was switched off to zero, and measurements of χ′
and χ′′ were done with increasing temperatures up to 310 K at different fm = 0.1, 1, 5, and 10 kHz using
Hac = 10 Oe for two cases of superposed bias dc fields: (i) H = 0 and (ii) H = 100 Oe.
The plots of χ′ and χ′′ vs T from 170 K to 310 K are shown in Figure 5.1 (a) for the case of H = 0 with
the expanded view of the plots near T = 270 K shown in Figure 5.1 (b). The expanded view of the region
near T = 230 K in χ′ vs T plot shows a broad peak whose frequency dependence is difficult to determine
because of the broadness of the peak. In chapter 3, section 3.4.2, and Figure 3.3, this peak was also
determined by the bifurcation between zero-field-cooled (ZFC) and field-cooled (FC) data that was
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interpreted as the SPM phase transition temperature. The observation of a broad peak near 230 K is a
confirmation of associating the peak with TB of nanoclusters. The second peak in χ′ and χ′′ vs T plots are
around T = 270 K in Figure 5.1 (b). The peaks at TB and T = 270 K shifts to higher T and also the magnitude
of the peaks decrease with an increase in measuring frequency from 0.1 kHz to 10 kHz.

Figure 5.1. (a) Plots of experimental 𝜒 ′ and 𝜒 ′′ vs temperature at four frequencies with the inset in the
top figure showing an expanded view of the broad peak near 230 K. (b) High-temperature zoom of the 𝜒 ′
and 𝜒 ′′ vs temperature data at different frequencies [76].
To understand the nature of the peak at T = 270, I can explain it in determining the TC from the
temperature dependence of magnetization (M vs T) in a ferromagnet, like LSMO, which depends on the
applied dc magnetic field H. To understand the effect of H on TC of the sample the TC was calculated at
different applied fields from the plots of dM/dT vs T determined from Figure 3.3 in section 3.4.2 for H =
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50, 100, 200, 500, and 1000 Oe. The minimum in dM/dT vs T is defined as TC (Figure 5.2-a), which
increases with an increase in H. The plot of TC vs H is shown in Figure 5.2-b and the solid line is fit to
𝑇C (𝐻) = 𝐴𝐻 𝑛 + 𝑇C (0),

5-11)

where n is a constant determined from the fit and 𝑇C (0) is the value of the TC in the absence of H. The fit
shown in Figure 5.2-b yields the parameters 𝑇C (0) = 270 K, n = 0.15, and 𝐴 = 9.74 K/Oen. The obtained
value of 𝑇C (0) at T = 270 K is the exact peak position of the second peak in χ′ and χ′′ vs T plots in Figure
5.1 therefore the peak at T = 270 K is the TC.

Figure 5.2. (a) Plots of computed dM/dT vs T for different H to determine TC using the M vs T data of
Figure 3.3 in section 3.4.2. (b) Magnetic field variation of TC with the solid purple line fit to the equation5-11) and the inset showing the plot of ln [TC (H)– TC (0)] vs ln H with the red line as the linear fit [76].
The theoretical basis for equation-5-11 is established using Landau theory of phase transition according
to the free energy F near TC in a magnetic field H can be written in terms of the order parameter M as [95]
1
1
1
𝐹 = 𝑎(𝑇)𝑀2 + 𝑏(𝑇)𝑀4 + 𝑐(𝑇)𝑀6 − 𝑀𝐻,
2
4
6

5-12)

with minimizing F with respect to M yields
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𝐻 = 𝑎(𝑇)𝑀 + 𝑏(𝑇)𝑀3 + 𝑐(𝑇)𝑀3 ,

5-13)

Where the coefficient a (T) = (𝑇C − 𝑇) / 𝑇C is often used and from the Takahashi theory for itinerant
ferromagnets, b (T) = 0 at T = TC [95]. These substitutions yield 𝐻 = 𝑐(𝑇)𝑀5 at TC, which implies that
applied H increases M at TC with M ~ H1/5 and so n = 0.2. This is close to n = 0.15 determined from the fit
of the data to equation-(5-11).
The effect of dc applied field (Hdc) on TC is discussed above via dc bulk magnetometry measurements.
This effect also is studied by ac bulk magnetometry measurements which the measurement protocol as
discussed above. The effect of applied dc field of H = 100 Oe on the peaks of 𝜒 ′ and 𝜒 ′′ in 7.6 nm
LSMO/STO film near 270 K is shown in Figure 5.3. The peak in 𝜒 ′ shifts to higher T by about T ≈ 15 K
and its magnitude is reduced by a factor of about 5, where the peak in 𝜒 ′′ completely disappears. However,
the shift in 𝜒 ′ to higher temperatures in H = 100 Oe is consistent with the increase of TC with applied H
shown in Figure 5.2-(b). The observed change in intensity of both 𝜒 ′ and 𝜒 ′′ in H = 100 Oe may be due to
the stabilization of the magnetic ordering with applied H, thus making 𝜒 ′′ = 0. Also, it is noted that the
nanoscale thickness of the LSMO film investigated here may be the reason for the observation of the
frequency-dependent peaks near TC. Further insights into this phenomenon may come from similar ac
measurements on films with different thicknesses.

65

Figure 5.3. Plots of experimental 𝜒 ′ and 𝜒 ′′ vs temperature for one frequency f = 1 kHz and H (ac) =
10 Oe but for two static fields H = 0 Oe (blue solid squares) and H = 100 Oe (red open circles). The data
of 𝜒 ′ and 𝜒 ′′ for H = 100 Oe are multiplied by a factor of 5 for visual clarity [76].
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To gain further information into the nature of the peak near 270 K, its frequency dependence is analyzed
by the parameter 𝜙 = Δ𝑇𝑃 /[𝑇𝑃 Δ𝑙𝑜𝑔10 𝑓𝑚 ], where Δ𝑇𝑃 is the shift in 𝑇𝑃 with a change in frequency from fm
(1) = 0.1 kHz and fm (2) = 10 kHz, 𝜙 = 0.002 is determined in this sample. This analysis used in different
magnetic systems such as spin glasses, and non-interacting nanoparticles. For negligible interparticle
interaction (IPI), 𝜙 ≥ 0.13 whereas for spin-glasses 𝜙 < 0.005. In LSMO NPs, the reported 𝜙 = 0.03 [96]
and 0.011 [97]. The observed 𝜙 = 0.002 here is an order of magnitude smaller than these values of 𝜙
suggesting that the transition near TC is due to even stronger IPI, typical of a normal second order transition
but with some modifications due to the nanoscale thickness of the film. More details on this emerge from
the Cole–Cole analysis of χ′ and χ′′ vs T given below.
5.3.1 Cole-Cole plots and Vogel-Fulcher law analysis
To gain further information from the ac susceptibility data of Figure 5.1, the values of χ′ and χ′′ were
determined at different temperatures in the vicinity of TC for all frequencies using these plots. The ColeCole plot is the variation of χ′′ vs χ′ at various temperatures, which for the LSMO film are shown in Figure
5.4. The solid red lines are the fits to Cole-Cole equations (equation-(5-10)) for the complex susceptibility
χ(𝜔) = χ′ (𝜔) − 𝑖χ′′ (𝜔) to find the value of relaxation time (𝜏) at each temperature.
The temperature variation of calculated values of 𝜏 is shown in Figure 5.5-(b). The data fit well to the
Vogel-Fulcher law (equation-(3-47)) which reveals the interparticle interaction. The fit yields T0 = 245 K
which the 𝜏0 = 1.2×10-9 (s) and E / 𝑘B = 270 K. The E / 𝑘B value is equal to TC (0) = 270 K of the sample
and the T0 value lies in-between TB and TC (0). It is worth noting that in the region between
TB < T < TC (0) the negative magnetization relaxation occurs (Figure 3.9) which is the signature of the
magnetic inhomogeneities and magnetic phase competition between the SPM and FM magnetic phases.
The detailed discussion on the role of the SPM and FM phases is observed through studying the M vs T and
hysteresis loops in sections 3.4.2 and 3.4.3 where the negative magnetization and hysteresis loop inversion
occurs.
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Figure 5.4. The Cole-Cole plots at different temperatures from 269 K to 278 K. The solid red curves
are fit to the equation-(5-10) with the parameters of the fits listed in each figure [76].
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Figure 5.5. (a) The best-fit linear line in the plot of ln(τ) vs 1/(T−T0) based on the Vogel–Fulcher law
[equation-Error! Reference source not found.(3-47)] to determine the ΔE/kB and τ0. (b) Shows how the
calculated values of τ from the fit the Vogel–Fulcher law using the parameters determined from the plot in
(a) [76].

5.4 Conclusions
In this chapter, I presented the ac magnetic susceptibility measurements on a 7.6 nm LSMO/STO sample
and the results and analysis of these measurements. From the plots of χ′ and χ′′ vs T the two peaks at T =
TB = 230 K and T = TC = 270 K corresponding to SPM and FM phase transitions are visible. The presence
of the two peaks is the confirmation of the presence of double peaks temperature dependence of the change
of magnetic entropy in section 4.2 from Chapter 4. The relaxation time 𝜏 has been calculated at different
temperatures via Cole-Cole analysis (χ′′ vs χ′ ) whose temperature dependence is shown to fit the VogelFulcher law. The fit to Vogel-Fulcher law yields 𝜏0 = 1.2×10-9 (s), T0 = 245 K and E/𝑘B = 270 K. The
closeness of T0 to TB ~ 230 K of the SPM phase of the nanoclusters present in the surface layer and E / 𝑘B
= TC (0) infers strong magnetic coupling of the SPM and FM phases. As I discussed in chapters Chapter
3Chapter 4, the strong magnetic coupling between SPM and FM is the source of negative magnetization
and hysteresis loop inversion.
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Conclusions and Publications
6.1 Conclusions
The objective goals of this dissertation are to study the magnetic dead layers properties in LSMO/STO
thin films which in particular the sample 7.6 nm is selected and the magnetic properties are studied in detail.
To understand the dead layer effect in the LSMO system, first, I used the reported results of published
literature and fit the dead layer model to calculate the dead layer thickness for LSMO films grown at
different oxygen pressures with different thicknesses (section 1.4). The thickness of the dead layer increases
as the oxygen (O2) pressure during the growth decreases which implies by reducing the O2 pressure the
double-exchange bounds breaks down which results in reducing the FM interaction between the manganese
cations.
The analysis of reported results on LSMO thin films gave me a general knowledge to study the magnetic
properties of this complex oxide film in detail. Therefore, the detailed study of the ac and dc magnetic
measurements of a 7.6 nm LSMO/STO sample are presented in this dissertation. Other magnetic samples
such as the different thickness of LSMO/STO have been studied The samples were fabricated by pulsed
laser deposition and the growth was monitored by in situ reflections high energy electron diffraction
(section 2.2.2) which in particular the 7.6 nm is presented. The structural properties of the samples have
been characterized using X-ray diffraction (XRD) and X-ray reflectivity (XRR).
The magnetic properties of this sample were measured in the presence of dc and ac modes of the applied
magnetic field. Temperature variation of magnetization was performed from low applied field (H = 50 Oe)
to higher magnetic field (H = 1 kOe). In H > 100 Oe the magnetization is saturated which is a normal
behavior in ferromagnetic (FM) samples but in H < 100 Oe there is a bifurcation between zero-field-cooled
(ZFC) and field-cooled (FC) measurements in this sample (section-3.4.2). Many of our samples have shown
bifurcation between the ZFC and FC protocols and in the case of the 7.6 nm LSMO/STO the bifurcation,
the temperature is defined as the blocking temperature TB = 230 K where magnetization reduces at T < TB
and it is negative. The TB is attributed to the superparamagnetic (SPM) phase presented in this sample.
The field variation of magnetization (M vs. H) was studied by performing ZFC hysteresis loops (HLs)
from 5 K to 400 K to understand the effect of H on M at different temperatures (section-3.4.3). The magnetic
phase competition between the SPM and FM at TB < T < TC causes the inversion of HLs but for T < TB the
loops are not inverted and remanent magnetization (Mr) is Mr > 0 since the SPM phase is in the frozen state.
The observation of inverted HLs is new in the LSMO system.
The magnetic viscosity measurements reveal that magnetic viscosity shows a peak at TB ≃ 230 K above
which M (2 h) becomes negative until the TC is reached. Due to the magnetic phase competition between
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the SPM and FM phases The negative magnetic relaxation occurs between the TB < T < TC of the sample
(section 3.5).
To understand the nature of magnetic phase transitions, magnetocaloric studies are performed. Analysis
of the MC properties of the 7.6 nm LSMO/STO thin film reported here shows the presence of magnetic
inhomogeneity in the film since two broad peaks are observed in the magnetic entropy vs. T data. The broad
peak near 220 K is associated with the superparamagnetism (SPM) of spin clusters present in the surface
layer of the film whereas the broad peak near 270 K is related to the transition from the FM to the PM
phase. By fitting these peaks to two Gaussian functions, computed areas under the two peaks are used to
estimate the volume fractions of the SPM/FM phases to be 17%/83% at the saturation H = 4 kOe (section4.3). Within 2%, this result agrees with dead layer thickness calculation saturation magnetization (MS)
calculations (section-3.4.1). The results of magnetocaloric support the analysis of thickness calculation of
dead layer by studying the saturation magnetization also identifies the SPM-FM and FM-PM.
The RCP of the 7.6 nm LSMO/STO thin film is also evaluated and compared with those reported in the
literature on other samples of the LSMO system. The comparatively smaller magnitude of the RCP of the
7.6 nm LSMO/STO thin film is attributed to the presence of magnetic inhomogeneity present in the film
and the nanosize effects related to the small thickness of the film. The effect of applied H on the volume
fractions of the FM (b) and SPM (a) phases shows an increase (a decrease) in the FM (SPM) fractions with
the increase in H due to alignment of the magnetization with the increase in H (4.6Figure 4.5).
The temperature dependence of ac magnetic susceptibility measurements (χ'' and χ' vs. T) shows a broad
peak near at T = 230 K which is associated with the nanoclusters with the 90 nm width in 1.4 nm surface
layer (5.3). The second peak is determined as the TC = 270 K at H = 0 Oe which is also determined from
the inflexion point of the temperature variation of magnetization fitting into the empirical equation: TC(H)
= AHn + TC(0) with TC(0) = 270 K obtained from Landau theory of phase transition near TC in the presence
of H in terms of the order parameter M (section 5.3). The validity of calculations is confirmed by fitting the
Vogel-Fulcher law to temperature variation of time relaxation which the relaxations calculated from ColeCole plots (section 5.3.1). Moreover the coincidence of T0 to TB and E/kB to TC suggest a strong magnetic
coupling of the SPM phase of the surface layer and the FM phase of the rest of the film.

6.2 Future directions
Complex oxide materials such as LSMO have widely used in multiferroic spintronic and
ferroelectric/ferromagnetic devices due to their rich crystal structure and physical properties. Because of
the FM characteristics of this material, they are widely used in hard drives. FM materials are used for nonvolatile data storage devices such as hard drives due to their permanent magnetization even in the absence
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of an external magnetic field. In the future, the demand for device applications will require smaller hard
drives. Dimensional reduction in LSMO films is problematic since the tendency of this material to form a
magnetic dead layer. The magnetic dead layers (MDLs) can be formed at the surface or interface where the
FM properties are changed.
In this dissertation, the magnetic properties of dead layers are studied in a 7.6 nm LSMO/STO film. In
Chapter 3, it is shown that MDLs change the magnetic properties of this sample by reducing the
magnetization below the blocking temperature (TB) in temperature variation of magnetization (M-T) of the
sample. Further analysis of hysteresis loops shows that TB is the magnetic phase transition of SPM to FM
magnetic phases. Reduction in magnetization reduces the efficiency of the film in hard drive applications.
As it is discussed in chapter 1, LSMO is categorized in manganese oxide group with the general formula
of Re1-xTxMnO3, in which Re is a trivalent rare earth element, and T is a divalent alkaline earth element.
Reduction of magnetization is not limited to LSMO films and it is also observed in other materials such as
LaMnO3 (LMO). The reduction of magnetization in different applied magnetic fields can be studied by
running M-T measurements in ZFC and FC protocols. In these measurements, we can identify the
bifurcation temperatures (Tbif). At Tbif the magnetization of

ZFC and FC cycles bifurcate. These

temperatures might be the critical temperatures which can be the transition temperature of a magnetic phase.
For example in a sample 7.6 nm LSMO/STO the bifurcation is at 230 K where the SPM to FM phase
transition occurs (please see section 3.4.2). By studying the Tbif in the LMO system, we can understand the
nature of magnetic phase transitions to address the magnetization reduction in this magnetic system.
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